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There is a crack in everything. That’s how the light gets in.
Leonard Cohen, "Anthem"

Abstract
The discovery of the J/ψ particle in 1974 helped to fully establish the quark model of hadrons and
sparked an increased interest in particle physics that led to rapid developments in the field in the follow-
ing years. This period was later coined the November Revolution in particle physics.
Due to the different energy scales at play in J/ψ production, both perturbative and nonperturba-
tive aspects of Quantum ChromoDynamics (QCD) are relevant for an accurate description. Over time,
increasingly sophisticated theoretical models have provided a more and more detailed picture of J/ψ
production in hadronic interactions, albeit it is still defying a conclusive description of all aspects of its
production.
Recently, high particle multiplicities created in proton-proton collisions have been met with increased
interest due to observations of apparent collective phenomena traditionally linked with the creation of
a medium in heavy-ion collisions. The correlation between J/ψ production and the charged-particle
multiplicity is an excellent observable addressing the interplay between hard and soft processes. It can
help to shape a complete picture of proton-proton collisions, especially with regard to mechanisms like
multiparton interactions and saturation effects in the particle production.
ALICE is an experiment at the LHC, dedicated to the study of the hot and dense medium created in
heavy-ion collisions. With its excellent tracking and particle identification capabilities in dense envi-
ronments it is also well suited for the study of proton-proton collisions with high particle multiplicities.
With the Run-2 data taking of the LHC, the highest collision energies ever created in the laboratory have
become accessible. A special data taking campaign with the ALICE experiment focused on collecting
collisions with high charged-particle multiplicities allows access to unprecedented multiplicity regimes.
In this thesis, a measurement of the self-normalized inclusive J/ψ yield at mid-rapidity in proton-
proton collisions at
p
s = 13TeV as a function of the self-normalized charged-particle multiplicity is
presented. The analysis has been performed as a function of the multiplicity at mid-rapidity and at
forward rapidity. Transverse momentum integrated J/ψ production and J/ψ production at low and high
transverse momenta have been investigated.
A stronger than linear increase of J/ψ production with particle multiplicity is observed, with no signif-
icant effect of a rapidity gap between the J/ψ and the region in which the particles are measured. The
increase is strongest for J/ψ at high transverse momentum.
The results of the analysis are compared to theoretical model predictions. Though differing in the
assumptions on the physical processes, all of them agree at least qualitatively with the experimental
results. With a comprehensive study of Monte Carlo simulations often overlooked autocorrelation effects
between the J/ψ signal and the particle multiplicity are addressed. Based on this study, a refinement
of the presented measurement via the exclusion of the regions most affected by autocorrelation effects
from the particle multiplicity measurement is proposed.
i

Zusammenfassung
Die Entdeckung des J/ψ Teilchens im Jahre 1974 verhalf dem Quark-Modell der Hadronen zum Durch-
bruch und entfachte ein erhöhtes Interesse an der Teilchenphysik, das zu einer rasanten Entwicklung
dieses Fachgebiets in den folgenden Jahren führte. Diese Periode wurde später als November-Revolution
in der Teilchenphysik bekannt.
Aufgrund der unterschiedlichen Energieskalen, die bei der Erzeugung von J/ψ auftreten, sind
sowohl störungstheoretisch behandelbare Aspekte der Quantenchromodynamik (QCD) für eine akku-
rate Beschreibung ausschlaggebend, als auch solche die sich einer störungstheoretischen Behandlung
entziehen. Im Laufe der Zeit wurde mittels einer zunehmenden Verfeinerung theoretischer Modelle ein
immer detaillierter werdendes Bild der Erzeugung von J/ψ in hadronischen Kollisionen erreicht, jedoch
entzieht es sich weiterhin einer vollständigen Beschreibung sämtlicher Askpekte seiner Erzeugung.
In jüngster Zeit wird die Erzeugung hoher Teilchenzahlen in Proton-Proton-Kollisionen mit verstärk-
tem Interesse beobachtet. Grund hierfür sind Beobachtungen augenscheinlich kollektiver Phänomene,
die üblicherweise mit der Erzeugung eines Mediums in Schwerionenkollisionen in Verbindung gebracht
werden. Die Korrelation zwischen der Erzeugung von J/ψ und der Zahl geladener Teilchen ist eine
ausgezeichnete Observable des Zusammenspiels hoch- und nierigenergetischer Prozesse. Sie kann dabei
helfen, ein vollständiges Bild von Proton-Proton-Kollisionen zu gestalten, insbesondere in Bezug auf
Mechanismen wie Multiparton-Interaktionen und Sättigungseffekte in der Teilchenerzeugung.
ALICE ist ein Experiment am LHC, spezialisiert auf die Untersuchung des heißen und dichten Mediums,
welches in Schwerionenkollisionen erzeugt wird. Mit seinen exzellenten Fähigkeiten zur Spurfindung
und Teilchenidentifikation in dichten Umgebungen ist es auch für die Untersuchung von Proton-Proton-
Kollisionen mit hoher Teilchenzahl gut geeignet. Mit der zweiten Datennahmeperiode am LHC werden
die höchsten je im Labor erzeugten Schwerpunktsenergien zugänglich. Eine spezialisierte Datennahme-
Kampagne des ALICE Experiments mit dem Schwerpunkt auf Kollisionen hoher Teilchenzahlen verschafft
Zugriff auf bisher unerreichte Multiplizitätsbereiche.
In dieser Arbeit wird eine Messung der selbstnormierten J/ψ-Erzeugung in zentraler Rapidität in
Proton-Proton-Kollisionen einer Schwerkunktsenergie von
p
s = 13 TeV as Funktion der selbstnormierten
Multiplizität geladener Teilchen vorgestellt. Die Analyse wurde als Funktion der Multiplizität in zentraler
und vorwärts gerichteter Rapidität durchgeführt. Die Transversalimpuls-integrierte J/ψ-Erzeugung und
die J/ψ Erzeugung bei niedrigem und hohem Transversalimpuls wurden untersucht.
Die Erzeugung von J/ψ steigt mit zunehmender Teilchenzahl stärker als linear an, eine Rapiditätslücke
zwischen dem J/ψ und der Region, in der die Teilchen gemessen werden, hat keinen signifikanten
Einfluss. Die Zunahme ist am stärksten für J/ψ mit hohem Transversalimpuls.
Die Ergebnisse der Analyse werden mit Vorhersagen theoretischer Modelle verglichen. Obwohl un-
terschiedliche pyhsikalische Prozesse angenommen werden, stimmen alle zumindest qualitativ mit den
experimentellen Ergebnissen überein. Eine ausführliche Untersuchung von Monte Carlo-Simulationen
behandelt häufig übersehene Autokorrelations-Effekte zwischen dem J/ψ-Signal und der Teilchenmul-
tiplizität. Basierend auf diesen Untersuchungen wird eine Verfeinerung der vorgestellten Messung mit-
tels des Auschlusses der am särksten von Autokorrelationen betroffenen Bereiche von der Messung der
Teilchenmultiplizität vorgeschlagen.
iii
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1 Introduction
1.1 The Standard Model of particle physics
The Standard Model of particle physics (SM) contains the basic building blocks of matter, and the
interactions between them. Besides gravity — which is not part of the SM, and can be safely neglected
at the scales examined in particle physics — these are the following:
• the electromagnetic force, acting between electrically charged particles,
• the weak force, acting between particles carrying weak hypercharge,
• the strong force, acting between particles carrying color-charge.
The forces are mediated by gauge bosons: the photon of the electromagnetic force, the W± and Z0
bosons of the weak force, and the gluons of the strong force.
Besides the interactions and the gauge bosons, the SM contains fermions on which these forces act
and which make up the matter in the universe, at least the part that we understand so far, i.e. excluding
dark matter. The elementary fermions come in the form of quarks, which carry both color-charge and
electric charge, and of leptons that carry either only electric charge or are neutral (neutrinos). All of
them carry mass and the weak hypercharge. Both the quarks and the leptons come in three generations
of particles with similar properties but increasing mass. Each type of quark has an associated quantum
number, called flavor, which is conserved under strong and electromagnetic interactions. In the case
of the leptons, only the total lepton number is conserved under all interactions, whereas the lepton
family number is only approximately conserved, as it is broken by neutrino oscillations. To each particle
there exists a corresponding antiparticle with identical properties but opposite quantum numbers. The
properties of the elementary particles of the SM are summarized in table 1.1.
The forces that act between the particles are described by Quantum Field Theories (QFTs), which will
be shortly described in the following.
The first QFT that was developed is Quantum ElectroDynamics (QED), describing the electromag-
netic interaction. Technically, QED is an abelian gauge theory with U(1) symmetry, i.e. there is only
one kind of charge, and the force carrier particles — the photons — do not carry the charge themselves.
Furthermore, they are massless, allowing the interaction to act on an infinite range. The electromag-
netic coupling αem constant is about 1/137, this means precise calculations are possible by making an
expansion in αem in the framework of perturbation theory.
The weak interaction on the other hand is mediated by massive particles, the charged W± and the
neutral Z0 bosons, which gives the interaction a finite range. This is also the reason for the apparent
weakness of the weak interaction. The weak interaction is the only one breaking parity (P) symme-
try (symmetry under parity transformation, i.e. inversion of all spatial coordinates) and charge-parity
(C P) symmetry (symmetry under parity transformation and exchanges of all particles by correspond-
ing antiparticles) and that does not conserve the flavor quantum number. QED and the theory of weak
interactions can be combined in the common framework of electroweak theory. The theory also con-
tains the Higgs mechanism as an explanation for the masses of the weak gauge bosons, and of the other
elementary particles.
The strong interaction is described by Quantum ChromoDynamics (QCD). It acts between particles
carrying color-charge. Its symmetry is SU(3), i.e. there are three distinct color-charges, often labeled
1
Table 1.1.: The elementary particles of the Standard model [1]. The quoted values for the neutrino
masses are from direct measurements based on the analysis of the kinematics of charged
particles emitted in weak decays together with the neutrinos. Data on anisotropies in the
cosmic microwave background allows, under some model assumptions, to constrain the sum
of the neutrino masses to Σmν < 0.23eV/c
2 [2].
Fermions Bosons
Quarks Gauge bosons
Name up u charm c top t photon γ W±
Mass 2.2 MeV/c2 1.275 GeV/c2 173 GeV/c2 0 80.379 GeV/c2
Electric charge 23 e 0 ±1e
Name down d strange s bottom b gluon g Z0
Mass 4.7 MeV/c2 95 MeV/c2 4.18 GeV/c2 0 91.1876 GeV/c2
Electric charge −13 e 0 0
Leptons Scalar boson
Name electron e muon µ tau τ Higgs H0
Mass 511 keV/c2 106 MeV/c2 1.776 GeV/c2 125.09 GeV/c2
Electric charge −1e 0
Name e-neutrino νe µ-neutrino νµ τ-neutrino ντ
Mass < 2 eV/c2 < 190 keV/c2 < 18.2MeV/c2
Electric charge 0
as red, green, blue. The gauge bosons are called gluons. As the photons of QED they are massless, but
unlike the other gauge bosons, they themselves are subject to the force they are carrying, i.e. they carry
color-charge and color-anticharge, making QCD a non-abelian theory.
An important consequence is the running coupling of QCD: the coupling constant depends strongly
on the momentum transfer Q2 where it is probed and decreases with increasing energy. To first order it
follows the form [3] [4]:
αs(Q
2)≈ 4pi
β0 ln(Q
2/Λ2QCD)
(1.1)
with β0 =
11
3 nc − 23 n f the first order in the expansion of the β function of QCD; nc is the number of
colors, n f the number of active flavors at the given momentum scale. ΛQCD is the QCD scale parameter,
a constant of the dimension of an energy that defines the scale down to where perturbative methods can
be used in QCD. Its exact value depends on the renormalization scheme used; in the most widely used
one its value is ΛQCD ≈ 200 MeV.
The behavior of αs as a function of Q is illustrated in Fig. 1.1 which shows measured values together
with the expectation from QCD. At high-momentum transfer, the coupling constant shrinks, until quarks
behave as quasi-free particles, a behavior known as asymptotic freedom of QCD.
The strong rise of the coupling constant towards lower energy scales — i.e. larger distances — on
the other hand leads to the fact the free color-charged particles are never observed in nature. Due
to the gluon self-interaction, the field lines of the strong force between quarks and antiquarks form
narrow color-flux tubes, or strings, that store potential energy, increasing with the distance between the
quark and antiquark. Once enough energy is stored, a new quark-antiquark pair is created, the string
breaks. Hence colored particles cannot be separated arbitrarily large from each other, but only exist
inside color-neutral composite objects, so-called hadrons. This phenomenon is known as confinement.
2 1. Introduction
Possible configurations are mesons, i.e. a quark carrying a specific color bound to an antiquark of
the corresponding anti-color, or baryons, i.e. three quarks or antiquarks in a color-neutral combina-
tion. Color neutral configurations of a larger number of quarks (tetraquarks, pentaquarks) or of gluons
(glueballs) are theoretically also possible, and experimental hints of their existence have been found, see
e.g. [5,6].
Due to its complex mathematical structure, QCD cannot be solved analytically. As mentioned, at high-
momentum transfers, the coupling constant becomes small, so an expansion in powers of αs can be done;
this procedure is known as perturbative QCD (pQCD).
At low momentum transfer, this is not possible. Here, static properties of the theory can be calculated
in the framework of lattice QCD (lQCD): Spacetime is discretized on a 4 dimensional lattice, quarks
are put on the lattice sites and gluons on the edges connecting them. QCD can be solved from first
principles in this discretized formalism using high-performance computing. The discretized results are
then extrapolated to the continuum limit of an infinitely fine-grained lattice. A limitation for lQCD are
systems with non-zero baryochemical potential, where it cannot be applied anymore. In situations where
neither pQCD nor lQCD are applicable, other methods can be used, such as potential models, or effective
field theories.
Since its development the SM has proven very successful in describing known phenomena and pre-
dicting new ones. A prominent example is the prediction of the Higgs boson in the 1960s [7–10], and
its discovery over half a century later [11, 12]. A shortcoming of the model is that it contains a lot of
free parameters: the strengths of the individual interactions, the masses of the elementary particles and
mixing angles in the electroweak theory. Due to this and the fact that it cannot explain dark matter or the
matter-antimatter asymmetry in the universe, it is usually assumed to be incomplete, theoretical efforts
are being undertaken to extend the SM, a prominent example is Supersymmetry (SUSY) [13].
QCD αs(Mz) = 0.1181 ± 0.0011
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e.w. precision fits (N3LO)
0.1
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Figure 1.1.:Measurements and theoretical prediction of the strong coupling constant as a function of
momentum transfer Q. Figure taken from [14].
1.2 Proton-proton collisions
A tool to study the properties of QCD are inelastic proton-proton (pp) collisions. They can generally be
grouped according to the exchanged particle mediating the interaction into diffractive and non-diffractive
collisions. Fig. 1.2 gives a schematic picture of non-diffractive and diffractive proton-proton interactions.
In diffractive collisions colorless particles containing the quantum numbers of the vacuum are exchanged,
so-called pomerons, or higher order reggeons, as described in Regge theory [17]. In QCD they can be
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Figure 1.2.: Schematic picture of inelastic proton-proton collisions. Left (clock-wise, starting on the
top left): non-diffractive, double-diffractive, central-diffractive, and single-diffractive proton-
proton collisions. Figure adapted from [15]. Right: Non-diffractive proton-proton collision,
including two hard partonic interactions, initial and final state radiation, beam remnants,
and hadronization (fragmentation). Figure taken from [16].
interpreted as colorless groups of gluons. Depending on whether one or both of the protons dissociates,
single and double diffractive collisions can be distinguished. A special case is central diffraction, in which
two pomerons are exchanged and interact with each other.
About 70 % [18] of the inelastic cross section consists of non-diffractive collisions, in which the inter-
action happens on the level of partons, i.e. quarks and gluons. They are typically composed of a hard
interaction, and an underlying event, Fig. 1.2 (right) gives an illustration. The hard interaction happens
at a high-momentum transfer and typically leads to the production of high-momentum partons, which
fragment into a jet of closely collimated hadrons in the final state. Processes at the hard interaction scale
can be described in the framework of pQCD. The underlying event contains processes such as parton
rescattering and initial and final state gluon radiation, i.e. before and after the collision, respectively.
These effects happen at lower momentum transfers, so pQCD is not applicable. The same is true for the
hadronization which can be described via string fragmentation, as explained above.
An important ingredient for the description of proton-proton collisions is the initial parton structure
of the protons, expressed as Parton Distribution Functions (PDFs). These are the probability densities
for a parton to carry a given momentum fraction xBj of the proton. Especially at low xBj the PDFs are
strongly dependent on the momentum transfer Q2, i.e. the resolution with which they are probed: the
closer one looks, the more low momentum partons can be resolved. Especially the gluon distribution
increases strongly at low xBj, until saturation effects set in due to the self-interaction of gluons in QCD.
This regime can be described with the Color Glass Condensate (CGC) [21] effective field theory. In
this approach, the valence quarks are treated as static color sources, while the dynamically produced
gluons with momenta below an emergent semi-hard saturation scale Qs can be appropriately described
via classical field theory due to their large number and weak coupling.
Experimentally, PDFs can be determined e.g. by Deep Inelastic Scattering (DIS) of leptons off pro-
tons [22]. From the measured structure functions, parametrized PDFs can be obtained and evolved in
Q2 according to the DGLAP equations [23–25]. Fig. 1.3 (left) shows an example of proton PDFs at a
momentum transfer of Q2 = 10 GeV2, which is relevant for low pTJ/ψ production [19].
Fig. 1.3 (right) illustrates which values of Q2 and xBj are probed with proton-proton collisions atp
s = 13TeV with probes of different masses at different rapidities. For mid-rapidity J/ψ production at
low pT (Q ≈ mJ/ψ = 3.1 GeV/c2), this corresponds to 10−4 ® xBj ® 10−3, i.e. a region of high gluon
density.
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To describe proton-proton interactions, typically QCD-inspired models containing both hard and soft
interactions are used, implemented in Monte Carlo (MC) collisions generators, such as PYTHIA [26] or
EPOS [27]. They often have a large set of free parameters that are constrained by experimental data.
These models commonly implement a scenario where several elementary collisions happen in one
proton-proton collision, such as Multiparton Interactions (MPI) in PYTHIA or multiple pomeron ex-
changes in EPOS. The assumption of having several collisions is supported by experimentally observed
charged-particle multiplicity distributions [28] and e.g. by the observation of more than one particle
produced in a hard interaction, cf. e.g. the measurement of double-charm production from LHCb [29].
More details on models describing proton-proton interactions will be given in section 2.2.4 for EPOS
and chapter 7 for PYTHIA.
1.3 Charged-particle multiplicities
Experimentally, the number of charged particles produced per collision is one of the easiest accessible
quantities. From a theoretical point of view, it is a complicated quantity, since the total number of
produced particles is largely governed by the low energy physics of the strong interaction, which cannot
be addressed perturbatively, necessitating the use of effective models.
At collision energies below the LHC one, the charged-particle multiplicities can be described with
models incorporating simple general assumptions, such as Feynman scaling [30]. From basic principles
it was conjectured that asymptotically the total average particle multiplicity 〈N〉 in a collision should
scale proportionally to the logarithm of the collision energy 〈N〉 ∝ ln(ps). Given the fact that the
maximum available rapidity in a collisions increases in the same way, the particle rapidity density should
asymptotically be independent of collision energy dNdy = const.
Experimentally it is found that Feynman scaling is violated. Fig. 1.4 (left) shows for different exper-
iments the average charged particle pseudorapidity 1 density in |η| < 0.5 as a function of the collision
energy for inelastic collisions, and for INEL>0 collisions, i.e. inelastic collisions in which at least one
charged particle was produced at mid-rapidity. In both cases, the collision energy dependence can be
1 Pseudorapidity is defined as η = artanh(pL/p) with pL the longitudinal momentum, i.e. the projection of the momentum
on the beam axis, and p the absolute value of the momentum of a particle.
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empirically parametrized with a powerlaw function of the collision energy. An alternative parametriza-
tion is a second order polynomial of the logarithm of the collision energy, see e.g. [31].
The probability distribution to have collisions of a give charged-particle multiplicity P(N) is called the
multiplicity distribution. Based on Feynman scaling is the concept of KNO scaling [32], according to
which the multiplicity distribution normalized to its mean value P(N)/〈N〉 should be independent of
collision energy. While KNO scaling works well at lower energies, from around
p
s = 200 GeV onwards a
broadening of multiplicity distributions is observed. This effect is usually interpreted as arising from the
occurrence of multiparton interaction.
The actual shape of multiplicity distributions has been successfully described at lower collisions ener-
gies with Negative Binomial Distributions (NBD)
PNBD
p,k
(N) =

N + k− 1
N

(1− p)N pk. (1.2)
At higher energies, combinations of two or more NBDs have been used. The physical origin of this shape
has not yet been ultimately understood, a combination of two NBDs can be interpreted as representing
the distributions for soft and semi-hard collisions.
At LHC energies charged-particle multiplicity distributions and their energy dependences are usually
understood in the context of QCD inspired models, that assume the presence of multiple elementary in-
teraction. Reasonable agreement with experimental data can be reached, as illustrated in Fig. 1.4 (right),
which shows the charged-particle multiplicity measured by ATLAS in pp collisions at
p
s = 13TeV, to-
gether with model predictions from different MC event generators.
An extensive review of the physics behind and models describing particle multiplicities and distribu-
tions can be found in [33].
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1.4 Heavy-ion collisions
From the asymptotic freedom of QCD it was early on inferred that at high energy densities — as
existed for about 10 microseconds after the electroweak phase transition after the Big Bang — the
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relevant degrees of freedom should be quarks and gluons instead of hadrons [38]. In parallel it was
conjectured by Hagedorn from the analysis of hadron yields in high-energy collisions [39] that a limiting
temperature of hadronic matter exists. Cabibbo and Parisi interpreted this temperature as the phase
transition to a new deconfined state of matter [40], called Quark-Gluon Plasma (QGP).
From lattice QCD calculations it is known that at low baryon density and high temperature the phase
transition is of the crossover type, i.e. thermodynamic quantities are changing smoothly. Fig. 1.5 (left)
shows lQCD calculations for thermodynamic quantities as a function of temperature. Around a critical
temperature Tc ≈ 155 MeV the quantities change: below they are in agreement with the predictions from
a gas of interacting confined particles (hadron resonance gas), above they slowly approach the limit of a
gas of non-interacting free partons.
Experimentally, in ultra-relativistic heavy-ion collisions, energy densities can be created sufficient for
the formation of a QGP. Evidence for a limiting energy density of the hadronic phase comes from the
analysis of particle yields: In a heavy-ion collision, after the QGP is created, the system expands and cools
until the energy density is low enough that the transition back to the hadronic phase takes place. The
abundancies of light-flavor hadrons can then be successfully described with a grand canonical ensemble
based on the mass of the hadrons, as implemented in the Thermal Model [41]. Parameters of the
model are the temperature T and the baryo-chemical potential µb at the time when the particle yields
were frozen, plus the volume of the system as an overall scaling factor. Fig. 1.5 (left) shows the values
of T and µb obtained from the thermal model for experiments at different collision energies. At low
µb, T is abound 155 MeV, coinciding with the phase transition temperature from lQCD. Starting from
µb ≈ 200 MeV, T decreases with increasing µb.
There are further experimental observations that support the picture of a thermalized medium pro-
duced in ultra-relativistic heavy-ion collisions, like
• signatures of a collective motion of the medium (e.g. elliptic flow [42]),
• the suppression of high pT particles and jets due to energy loss of the partons in the hot and dense
medium (jet quenching [43])
• an enhanced production of strange and multistrange particles [44].
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Charmonium has a special role among the probes for the QGP. Initially [45], a suppression of charmo-
nium production due to the screening of the binding potential by the free color-charges was proposed
as key observable of a deconfined environment; later [46] [47], novel mechanisms were proposed for
higher collision energies, leading to regeneration of charmonium, counteracting the suppression or even
surpassing it. These topics will be discussed in detail in section 1.6.3.
1.5 Collectivity in proton-proton collisions?
Recently, very high multiplicity proton-proton collisions came into the focus of attention, as phenom-
ena were observed that traditionally are explained with collective effects arising from a thermalized
medium.
An example is the emergence of long-range correlations ("near side ridge") in high-multiplicity proton-
proton collisions [48]. The effect is shown in Fig. 1.6 (left): For a given particle with intermediate pT the
distribution in ∆η and ∆ϕ of the other particles produced in the same collision is shown. In minimum
bias collisions (top), a peak at ∆η = 0 and ∆ϕ = 0 from the jet fragmentation, and a ridge ∆ϕ = pi,
elongated in η due to the fragmentation of back-to-back jets can be seen. In collisions with high particle
multiplicities (bottom) another ridge-like structure at ∆ϕ = 0 emerges, expanding in η at least until
|η| = 4. In heavy-ion collisions, such long-range correlations are usually interpreted as the result of the
hydrodynamic expansion of the thermalized medium.
Another observation is the enhancement of strange and multistrange particle production as a function
of the charged-particle density, seemingly smoothly transitioning to proton-nucleus and nucleus-nucleus
collisions [49], see Fig. 1.6 (right). In heavy-ion collision, an enhanced strangeness production is linked
with the deconfined nature of the medium, in which strange quarks can be abundantly produced in
partonic interactions, whereas in proton-proton collisions strangeness production is suppressed due to
phase space reduction from the exact conservation of the strangeness quantum number [50].
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Figure 1.6.: Experimental hints for collectivity in high-multiplicity proton-proton collisions. Left: Emer-
gence of long-range near-side angular correlations at high multiplicities [48]. Right: Enhance-
ment of strange and multi-strange hadron production as a function of multiplicity [49].
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The observation of these phenomena in high-multiplicity proton-proton collisions resembling collective
effects from heavy-ion collisions has been met with great interest from theorists. There are two main
directions how to interpret the observations: One idea is that indeed at high enough multiplicities in
proton-proton collisions, a medium is formed, for which a hydrodynamic description is adequate. The
same concepts as for nuclear collision then can be applied, one has "one fluid to rule them all" [51].
The other approach is to explain the observations without the formation of a deconfined medium. In
order to do this, one has to give up the interpretation of one proton-proton collision as the independent
superposition of several partonic interactions.
For example, the flow-like patterns in the azimuthal particle correlations can be ascribed to QCD
interference between the produced partons [52], saturation effects in the initial state parton density
functions in the framework of CGC [53], or the rearrangement of the initial color strings of the produced
partons, known as "color reconnection" [54]. The observed strangeness enhancement with multiplicity
can be explained under the assumption of interacting strings fusing into ropes ("rope hadronization"
[55]). Further extensions of the rope model ("rope shoving", see [56]) are also able to explain the
azimuthal particle correlations.
It can thus be said that the emergence of effects reminiscent of collective phenomena in small systems
at high-multiplicity is theoretically not well understood yet, but of great importance for the correct
interpretation of effects in heavy-ion collisions, which are traditionally seen as clear indications for the
creation of a medium.
1.6 Charmonium
Figure 1.7.: Discovery of the J/ψ. Left: Invariant mass distribution of dielectrons pairs, measured in p-Be
collisions. Figure taken from [57]. Right: Cross section of electron-positron annihilation as
a function of center-of-mass energy in hadronic channel (top), dielectron channel (middle),
and dimuon, dipion, dikaon channel (bottom). Figure taken from [58].
The existence of a fourth quark flavor was early on speculated on theoretical grounds (e.g. based on
an assumed symmetry between the number of leptons and quarks by Bjorken and Glashow in [59]).
In 1970 Glashow, Iliopoulos and Maiani proposed the GIM mechanism [60], named after the authors,
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to explain an experimental observation, namely that the branching ratio of the dimuon decay channel
of neutral kaons is very small compared to the hadronic decay channel. The mechanism required the
existence of a fourth quark.
Experimentally, the fourth quark flavor charm was observed independently by two groups, who dis-
covered the bound state of a charm quark and a charm antiquark, a charmonium state, the J/ψ. The
observation was announced simultaneously by the two groups on November 11th 1974. At Brookhaven
National Laboratory (BNL), a proton beam from the Alternating-Gradient Synchrotron was shot on a
beryllium target and a sharp mass peak was observed in the electron-positron channel [58]. Fig. 1.7
(left) shows the invariant mass distribution of e+e− pairs in the relevant mass region. At the Stanford
Linear Accelerator Center (SLAC), a sharp resonance was observed in an electron-positron annihilation
experiment in the SPEAR collider [58] in hadronic and dilepton channels. Fig. 1.7 (right) shows the
cross section of the different channels as a function of the center-of-mass energy. The newly discovered
particles were baptized J by the BNL group and ψ by the SLAC groups, hence the peculiar double name
that it kept ever since.
The narrow width — or long lifetime — of the observed particle could only be explained by the fact
that a new conserved quantum was at play. Its mass mJ/ψ and width ΓJ/ψ, as they are known today,
are [1]
mJ/ψ = (3096.900± 0.006)GeV/c2 (1.3)
ΓJ/ψ = (92.9± 2.8)keV/c2. (1.4)
From the creation in electron-position annihilation, it was immediately known that the newly discov-
ered state must have the quantum numbers of the photon, i.e. it had to be a vector meson (J PC = 1− −),
with J the total spin, P the parity quantum number (P = (−1)L+1) and C the charge conjugation quantum
number C = (−1)L+S.
The mass is below the open charm threshold — twice the mass of the lightest open charm hadron
2 · mD0 ≈ 3730 GeV/c2 [1] — so the strong decay into two D mesons is not possible. Neither is the
decay into one gluon, due to color-charge conservation. Since the J/ψ has negative C parity it can also
not decay via a state of two gluons, which has a positive one. The first allowed strong decay proceeds
via three virtual gluons which necessarily have high virtualities, this means the coupling at the strong
interaction vertices is weak. This decay is thus suppressed, the mechanism is known as OZI suppression,
after Okubo, Zweig and Iiizuka, who proposed it in the 1960s [62–64]. Thus, the electromagnetic decays
into dileptons via a virtual photon become relevant. The branching ratios are [1]
B.R.(J/ψ→ e+e−) = (5.971± 0.032)% (1.5)
B.R.(J/ψ→ µ+µ−) = (5.961± 0.033)% (1.6)
The discovery thus proved the existence of a fourth quark flavor and gave strong support to the quark
model in general. It sparked rapid changes in the field of particle physics, these became known as the
November revolution of particle physics. In 1976, Burton Richter and Samuel Ting — the heads of the
experimental groups who made the discovery — were awarded the Nobel Prize in Physics.
Only a few days after the discovery of the J/ψ(1S) the radial excitation ψ(2S) was discovered [65].
From the radiative decays between them, observed in e+e− storage rings, the existence of intermediate
states with even C parity [66, 67] — the P-wave spin-triplet χcJ(1P) — and of the spin singlet state
ηc(1S) with a mass below the J/ψ [68] could be inferred. The precise determination of their masses
was later done in pp¯ annihilation experiments [69].
The remaining charmonia states below the open charm threshold were identified unambiguously much
later: the radial excitation of the spin singlet state ηc(2S) was observed in 2002 [70], and the P-wave
spin singlet hc(1P) in 2005 [71–73]. Many more resonances have been found above the open charm
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Figure 1.8.: Experimentally observed charmonium states, and important hadronic transitions between
them (photonic transitions omitted for clarity). Also shown are the mass thresholds for the
decay to open charm mesons. Figure taken from [61].
threshold, some of which are of uncertain quark content and are candidates for exotic states, such as
hybrid mesons containing valence gluons, tetraquarks or mesonic molecules. See [74] for a recent
review.
Fig. 1.8 shows the different charmonium states with their masses and J PC quantum numbers, hadronic
transitions between them, and the different open charm thresholds. A very similar spectrum arises
at higher mass for the bottomonium particles, the analogue system for bottom quarks (the ψ states
of charmonium correspond to Υ states of bottomonium, the names of the other states are similar).
Bottomonium and charmonium are also referred to as quarkonium.
1.6.1 Charmonium in hadronic collisions
In a measurement of inclusive J/ψ production, one usually has to deal with several contributions, as
is illustrated in Fig. 1.9 (right):
• Non-prompt J/ψ. A part of the observed J/ψ yield comes from the weak decay of hadrons
containing beauty quarks, e.g. B+ → J/ψK+. Due to the longer lifetime of the B mesons (cτ ≈
500µm) this contribution can be experimentally distinguished via the displaced production vertex
of the J/ψ, hence the name non-prompt J/ψ. Prompt J/ψ on the other hand refers to J/ψ not
originating from a weak decay.
The fraction fB of non-prompt J/ψ in the total yield at mid-rapidity has been measured by various
experiments at the LHC and by CDF at the Tevatron at different collision energies in proton-proton
and proton-nucleus collisions, see [75] and references therein. At low transverse momentum the
non-prompt fraction is about 10 % and rises with pT. The shape is quite similar for the different
1.6. Charmonium 11
)c (GeV/
T
p
1 10 210
Bf
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
 = 5.02 TeVNNs < 0, ψJ/y   ATLAS, p-Pb  -1.94 < 
 = 7 TeVs| < 0.9, 
ψJ/y   ALICE, pp  |
 = 7 TeVs| < 0.9, 
ψJ/y   CMS, pp  |
 = 7 TeVs| < 0.25, 
ψJ/y   ATLAS, pp  |
 = 8 TeVs| < 0.25, 
ψJ/y   ATLAS, pp  |
 = 1.96 TeVs| < 0.6, 
ψJ/y  |p   CDF, p
 = 5.02 TeVNNs < 0.43, ψJ/y      ALICE, p-Pb  -1.37 < 
95%CL
ALI-PUB-161235
]c[GeV/
ψJ/
T
p
2 4 6 8 10 12 14
ψ
J
/
σ
/
γ
ψ
J
/
→
c
χ
σ
0
0.1
0.2
0.3
0.4
0.5
0.6
-1
LHCb 36 pb
-1
CDF 18 pbLHCb
= 7 TeVs
(a)
χc → J/ψ
ψ' → J/ψ
b → J/ψ
direct J/ψ
prompt J/ψ
Figure 1.9.: Sources of inclusive J/ψ in hadronic collisions. Left: Fraction of non-prompt J/ψ in pp and
p-Pb collisions at various energies as a function of pT. Figure taken from [75]. Middle: Fraction
of prompt J/ψ form χc decay as a function of pT. Figure taken from [76]. Right: Illustration
of the fractions of the different contributions to the inclusive J/ψ yield.
collisions systems, which might be accidental. Fig. 1.9 (left) shows fB as a function of pT obtained
from different experiments.
• Higher charmonia feed-down. A further contribution is the feed-down of J/ψ from higher mass
charmonia decays, e.g. via χc → J/ψγ or ψ(2S)→ J/ψpipi. The fraction of χc feed-down to the
total prompt J/ψ yield can be measured [76,77]. It amounts to about 10 to 30 %, increasing with
pT, as shown in Fig. 1.9 (middle). The ψ(2S) contribution can be estimated from the measured
cross section of prompt ψ(2S) and J/ψ production, and the known branching ratio for ψ(2S) to
decay to J/ψ+ X . It makes up around 8 % of the prompt J/ψ yield [78].
• Direct production. The relevant production mechanisms will be described in the next section.
1.6.2 Prompt charmonium production mechanisms in hadronic collisions
In hadronic quarkonium production [79] several different energy scales are at play (the numerical
values are an estimate for charmonium based on [80]):
• the heavy quark mass M ≈ 1.5 GeV
• the typical momentum of the heavy quark M v ≈ 0.9 GeV
• the typical energy of the heavy quark inside the quarkonium M v 2 ≈ 0.5 GeV.
Due to the high quark mass in comparison to their energy, quarkonia can be treated non-relativistically.
The momentum transfers required for the production of these high mass quarks are furthermore higher
than the QCD scale parameter ΛQCD, so pQCD can be used to calculate heavy-quark production cross sec-
tion. The total charm cross section in proton-proton collisions can to a reasonable accuracy be described
with next-to-leading order (NLO) predictions [81]. For the total beauty cross section calculations at NLL,
i.e. LO plus logarithmic terms in the NLO contributions have proven successful, as implemented in the
FONLL (Fixed Order plus Next-to-Leading Log) framework [82,83].
The subsequent binding into quarkonia on the other hand happens at the scales of the momentum and
energy of the heavy quarks, making it a nonperturbative process. The different processes make quarko-
nium production a complex process, though due to the different relevant energy scales, the different
steps can be described in a decoupled way, known as factorization. Several models are on the market
that provide predictions for quarkonium production in hadronic collisions.
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Color Evaporation Model [84]
The Color Evaporation Model (CEM) is a simple model suited for predictions of quarkonia production
cross sections. Based on the principle of quark-hadron duality [85], it assumes that a heavy-quark pair
with a mass smaller than the open-heavy-quark threshold has a statistical probability to evolve into a
quarkonium state, regardless of the quantum state in which the pair was produced. The total quarkonium
cross section is then
σonium =
1
9
∫ 2mD
2mc
dm
dσQQ¯
dm
(1.7)
with σQQ¯ the perturbative heavy-quark pair production cross section.
The transition into colorless quarkonium states happens via soft gluon emissions, the color is so-to-say
evaporated, hence the name. The probability to transition into a specific quarkonium state is assumed
to be global, i.e. the same for collisions at different collision energy, collision system and kinematic
variables. The advantage of this model lies in its simplicity and strong predictive power with the relative
abundancies of the different quarkonia states as the only free parameters.
Rough estimates of the pT distribution and energy dependence of quarkonium production are possible,
see e.g. [86]. In Fig. 1.10 a recent result obtained with CEM is shown, i.e. the total J/ψ cross section at
forward rapidity as a function of collision energy [87, and references therein]. The experimental data is
at the upper end of the (large) theoretical uncertainty band of the model.
A recent development is the Improved Color Evaporation Model (ICEM) [88] which includes into the
model the effect that the cross sections of quarkonia of different masses have different pT-dependencies.
ALI-PUB-122078
Figure 1.10.: Total J/ψ cross section at forward rapidity as a function of collision energy, compared to a
prediction from the Color Evaporation Model. Figure taken from [87].
Color Singlet Model [89]
In the Color Singlet Model (CSM), pQCD is used to calculated the cross section of partonic interac-
tions producing heavy-quark pairs. Only those processes are taken into account that produce a heavy-
quark pair with the same quantum numbers as the quarkonium state under consideration, most notably
this means only color-singlet states are considered. At collider energies gluonic processes are most
relevant, the lowest order one is shown in the left panel of Fig. 1.11.
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Figure 1.11.: Typical J/ψ production processes. Left: Lowest order color-singlet channel. Right: Color-
octet production from gluon splitting channels. Figures adapted from [90].
While the cross sections for the heavy-quark production are calculated perturbatively, the evolution
to a bound quarkonium state can be obtained from potential model calculations: In order to proceed
to a bound quarkonium state, the heavy quarks have to be close to each other. The probability for a
heavy-quark pair to transition to quarkonium is thus proportional to the radial wave function at the
origin RS(0) for S-wave states, and to the first derivative of the wave function R
′
P
(0) for a P-wave state.
The wave functions in term can be extracted from the leptonic decay widths Γee.
A known problem of the CSM is the occurrence of infrared divergences in the cross section calculations
for P-wave states, which have to be mitigated by low pT cutoffs. It is naturally solved by taking also color-
octet production into account within the NRQCD framework, which will be described in the next section.
While initially at lower collision energy a very good description of experimental data could be achieved
with this model [91], it underestimates cross sections at higher energies, especially at high pT. E.g. the
cross section for ψ′ production at the CDF experiment was underestimated by a factor 50 [92]. The
discrepancy could be fixed with inclusion of color-octet processes.
However, it is worth to note that with the inclusion of higher-order color-singlet processes, a better
description of data can be achieved. Fig. 1.12 illustrates this; here the measured pT differential J/ψ cross
section at forward rapidity in proton-proton collisions at
p
s = 7TeV is compared to CSM calculations
at complete leading order (LO), complete next-to-leading order (NLO), and taking into account also
leading pT next-to-next-to-leading order contributions (NNLO*) [93, and references therein]. As can be
seen, the agreement with data gets increasingly better with the inclusion of higher orders processes.
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Figure 1.12.: J/ψ production cross section as a function of transverse momentum at forward rapidity
in proton-proton collisions at
p
s = 7TeV, compared to predictions from the Color Singlet
Model at leading order (LO), next-to-leading order (NLO), and NLO with leading pT next-to-
next-to-leading order contributions (NNLO*). Figure taken from [93].
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Non-Relativistic QCD [94]
The most rigorous approach to model quarkonium is the use of the Non-Relativistic QCD (NRQCD)
effective field theory. It makes use of the factorization of the different energy scales relevant for quarko-
nium production M ≫ M v ≫ M v 2. The probability to produce a quarkonium state H can be split into
the product of the short-distance perturbative cross section to produce a heavy-quark pair in a specific
quantum state and the nonperturbative probability to evolve into the quarkonium state under consider-
ation. The total cross section is then the sum over all possible quantum states in which the heavy-quark
pair can have been produced:
dσ(H) =
∑
κ
dσκ〈O Hκ 〉. (1.8)
The sum runs over the quantum number of the produced heavy-quark pair state κ =2S+1 L[c]J , with
c denoting the color state, i.e. either color-octet or color-singlet; dσκ are the short-range production
amplitudes to for a heavy-quark pair in the given state, convoluted with the parton distribution functions;
O H
κ
are the nonperturbative long-distance matrix elements (LDMEs), that describe the transition from the
heavy-quark pair to a quarkonium state.
While the heavy-quark production cross sections are obtained from a perturbative expansion in αs, the
LDMEs are expanded in powers of the heavy quark velocity v . The LDMEs are assumed to be universal
and can be obtained from experimental data, e.g. from decay rates of beauty mesons to charmonia or
from the scaling of transverse momentum shapes obtained with the model to experimental data [95].
From the assumed universality of the LDMEs the model obtains its predictive power, since predictions
for cross sections at different energies or collision systems are possible.
Most notably, in contrast to the CSM model, in this approach also pQCD processes producing heavy-
quark pairs in a color-octet state are considered. By taking into account only the processes in lowest
order of v , the CSM is recovered. An example process that is not included in the CSM since it can only
produce color-octet states is illustrated in the right panel of Fig. 1.11.
ALI-PUB-121954
Figure 1.13.: J/ψ production cross section as a function of transverse momentum at forward rapid-
ity in proton-proton collisions at
p
s = 13TeV, compared to predictions from NRQCD. In
NRQCD+CGC, effects from the CGC model are included at low pT. The non-prompt contri-
bution is taken from FONLL. Figure taken [87].
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Especially at high pT very good agreement with data can be achieved in NRQCD. At low pT it was
shown [96] that the inclusion of initial state effects from the CGC framework into the short-range heavy-
quark production amplitudes provides an equally good description of the data. Fig. 1.13 shows the
inclusive J/ψ cross section at forward rapidity as a function of transverse momentum in proton-proton
collisions at
p
s = 13 TeV, together with two model predictions [87, and references therein]. One model
is based on NRQCD and makes predictions at high pT, a second one is based on NRQCD combined with
CGC and makes predictions for J/ψ at low pT. The non-prompt contribution is calculated from FONLL
and added to the prompt J/ψ cross section. With this combination of models an excellent description of
the cross section over the full transverse momentum range of the measurement can be achieved.
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Figure 1.14.: Disagreement between predictions from NRQCD and experimental results of charmonium
production in pp collisions from the LHCb experiment. Left: ηc cross section as a function
of pT at
p
s = 7TeV, compared to NLO NRQCD. Also shown is the color-singlet contribution
to the cross section. Middle: J/ψ polarization at
p
s = 7TeV, compared to NLO NRQCD.
Also shown is the prediction from the CSM model. Right: J/ψ production inside jets atp
s = 13TeV, compared to LO NRQCD. Figures taken from [97], [98], [99].
In a contrast, Fig. 1.14 shows some experimental results that cannot be reproduced with NRQCD. The
left panel shows a measurement of the pT-dependent ηc cross section in pp collisions at
p
s = 7 TeV [97],
compared to a prediction from NRQCD. The full calculation is shown, and the contributions of the indi-
vidual intermediate cc¯ states. The full NRQCD calculation overpredicts the data significantly, while the
color-singlet contribution alone matches the data. The calculations are based on the assumption of Heavy
Quark Spin Symmetry (HQSS) to convert the J/ψ-LDMEs for the case of ηc [100]. The disagreement
with data can hint to the fact that this assumption does not hold.
An important observable, which so far has often challenged theoretical predictions is the J/ψ po-
larization, i.e. the projection of the total angular momentum on the z-axis, Jz. Experimentally, small
longitudinal J/ψ polarization has been observed in different experiments and in different kinematic re-
gions, cf. [98, and references therein]. The various theoretical models provide ambiguous predictions:
CSM predicts significant transverse polarization at leading order, but large longitudinal polarization at
higher orders. NRQCD expects large transverse polarization at high transverse momentum, since gluon
fragmentation is the dominant production process at high pT and the J/ψ is assumed to carry over the
gluon polarization. In the CEM, polarization is necessarily absent, since any initial polarization is de-
stroyed by soft gluon exchanges [101]. The middle panel of Fig. 1.14 shows a measurement of J/ψ
polarization as a function of pT in pp collisions at
p
s = 7 TeV compared to CSM and several NRQCD
predictions by different groups, using different experimental data to constrain the LDMEs. Clearly, the
CSM is in disagreement with data, while the various NRQCD predictions strongly differ among each
other, with one of them being close to the data. It is worth to note that theoretical predictions of J/ψ
polarization are complicated by the contribution of radiatively decaying P-wave χc states to the J/ψ
yield. Under extreme assumptions for the polarization of the J/ψ from χc feed-down, the CSM can be
brought into agreement with data [102].
Another interesting disagreement between NRQCD predictions and experimental data is a measure-
ment of J/ψ production inside jets [99], which is shown in the right panel of Fig. 1.14. The momentum
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fraction of the jet carried by prompt J/ψ is higher than expected from LO NRQCD predictions imple-
mented in the PYTHIA8 event generator.
In conclusion, charmonium production in pp collisions is currently not fully understood theoretically,
and none of the used models is able to simultaneously describe all experimentally observed features,
such as production cross sections and polarization. See also [79] for an extensive review.
Central Exclusive Production (CEP) of J/ψ
In contrast to the production in partonic interactions, J/ψ can also be produced in a process where the
protons interact with each other as a whole, in Central Exclusive Production (CEP), or photoproduction,
see [103] for a review. As the J/ψ has the same quantum numbers as a photon, it can be produced from
one via the exchange of a particle carrying the quantum numbers of the vacuum. The process, sketched
in Fig. 1.15 is sensitive to the gluon density in the proton (or nucleon if investigated in collisions of
nuclei), and can be used as a probe for gluon saturation at low xBj. Experimentally, its distinct signature
can be exploited for detection, e.g. in the dilepton channels, a dilepton pair in an otherwise empty
detector is observed. See [104] and [105] for recent results from proton-proton collisions in LHCb and
proton-lead collisions in ALICE, respectively.
p
p
γ
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g g
Figure 1.15.: Sketch of central-exclusive J/ψ production in diffractive collision. Figure taken from [106].
1.6.3 Charmonium in heavy-ion collisions
The importance of quarkonia for the study of the medium created in heavy-ion collisions lies in the
fact that on the one hand the mass of heavy quarks is too large for a relevant thermal production inside
the medium. They are thus created in initial hard partonic interactions and maintain their identity
throughout the evolution of the medium. The binding into quarkonia on the other hand happens at
much lower energy scales, and is hence susceptible to effects of the medium. An early idea, proposed in
1986 by Matsui and Satz [45] was J/ψ suppression due to color screening.
Due to the high mass of the charm quarks the potential between them can be described with the
non-relativistic quark-antiquark potential ("Cornell potential"):
V (r) = −4
3
αs
r
+σr (1.9)
where αs is the strong coupling constant and σ the string tension due to confinement. −43
αs
r
is denoted
the Coulomb-like term of the potential and σr the confinement term. Fig. 1.16 (left) shows lattice QCD
calculations for the non-relativistic quark-antiquark potential as a function of the separation of the quark
and antiquark. The results agree very well with the Cornell potential, also shown in the figure.
In the presence of a deconfined medium the potential is damped by a temperature dependent term in a
manner similar to Debye screening in electromagnetic potentials; the effect is thus called color screening.
The potential at finite temperature T can be parametrized as [108]
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Figure 1.16.: Lattice QCD calculations for the heavy-quark potential. Left: Potential at T = 0, compared
to Cornell potential (solid line). Right: Evolution of the screening radius (rmed) with temper-
ature, in comparison to the radii of the different charmonia states. Figures taken from [107].
V (r, T ) = V (r, rD(T )) = −
4
3
αs
r
e−r/rD(T ) +σrD(T )
 
1− e−r/rD(T )

(1.10)
with rD(T ) the screening length which increases with temperature.
As soon as the screening length becomes comparable to the radius of a quarkonium state, the state is
effectively prevented from forming. This process is colloquially referred to as "quarkonium melting" in
the medium. The effect is demonstrated in Fig. 1.16 (right) which shows calculations for the screening
length from lattice QCD as a function of the temperature in comparison to the radii of J/ψ and the higher
charmonia states. Since the higher charmonia states have larger radii, they are expected to dissociate
already at lower temperatures than the J/ψ.
Experimentally this effect should manifest itself in a step-wise decrease of total J/ψ production with
increasing temperature (i.e. either with increasing collision energy or centrality), as the contributions
from higher charmonia feed-down cease, until eventually also the directly produced J/ψ disappears. At
lower energies, the modification of J/ψ production due to the hot medium can be quantified e.g. with
the ratio to dielectrons from the Drell-Yan process ( qq¯ → l l¯). As an electroweak process it is unaffected
by the presence of a color-charged medium. At LHC energies most of the charm quarks are produced
in gluon fusion processes, so the comparison to lepton pairs from quark-antiquark annihilation is not
adequate. The preferred choice for the investigation of medium effects is the nuclear modification factor
RAA:
RAA(pT) =
dNAA(pT)/dpT
〈Ncoll〉dNpp(pT)/dpT
(1.11)
with NAA(pT) the pT dependent J/ψ yield in nuclear collisions, Npp(pT) the same in proton-proton col-
lisions, and 〈Ncoll〉 the estimated average number of nucleon-nucleon collision in one nuclear collision.
Indeed, in experiments up to SPS energy (i.e. a few 100 GeV), an increasing suppression of J/ψ pro-
duction could be observed, above the one expected from nuclear matter effects, compare e.g. the results
from the NA50 collaboration [109].
For the TeV collision energies at the LHC, new production mechanisms were proposed independently
by two different groups around the year 2000. The general idea is, that at those high collision energies,
charm yields are high enough that one can expect the production of several charm quark-antiquark
pairs in one collision (the temperature is still too low for relevant thermal production of charm quarks
though).
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Figure 1.17.: J/ψ suppression / (re)generation in a deconfined medium. Left: General expectation from
color screening (sequential suppression) versus (re)generation. Figure taken from [110].
Right: Recent experimental results: J/ψ-RAA as a function of centrality in Pb-Pb collisions atp
sNN = 5.02TeV. Figure taken from [111].
It becomes thus possible that a charm quark and an antiquark produced independently in two different
pairs (re)combine into a charmonium state. Fig. 1.17 (left) illustrates the consequence: at low collision
energy, the sequential suppression mechanism is dominant, while at higher energies, the suppression is
reduced due to the recombination mechanism, and possibly overcompensated at high enough energies,
so that even an enhancement of J/ψ production can be expected and interpreted as clear sign of the
deconfined medium. The idea was implemented in the Statistical Hadronization Model (SHM) [46,
112] on the one hand, and in Transport Model (TM) calculations [47] on the other hand.
The SHM assumes that no charmonia are formed before the formation of the QGP, or if they are, they
will not survive the initial hot phase of the QGP. The typical time scales for these processes support this
picture, since both happen approximately at similar timescales between 0.1 fm to 1.0 fm. The charm
quarks then move freely in the medium, until they bind either to open or hidden charm hadrons at the
same hadronization time as the light flavor hadrons, i.e. at temperature and baryo-chemical potential as
determined from thermal model fits to light-flavor hadron abundancies.
In transport models, rate equations are used to model continuous generation, dissociation and re-
generation of charmonia states inside the QGP. Due to this microscopic approach, more quantities of
J/ψ production can be predicted, such as the pT distribution. Within the SHM, for such predictions
additional external input is needed. However, the transport models also require additional assumptions
on not well-constrained quantities, such as medium properties and inelastic charmonium-gluon cross
sections. Various implementations of transport model calculations by different groups exist.
Fig. 1.17 (right) shows the nuclear modification factor of inclusive J/ψ in Pb-Pb collisions atp
sNN = 5.02 TeV measured by ALICE. The data [111] are compared to predictions from SHM and
two different implementations of the TM [113, 114], as well as a model assuming a co-moving par-
tonic medium that leads to J/ψ absorption [115]. The models describe the data reasonably well, though
they suffer from large uncertainties.
A crucial ingredient of the models is the total charm cross section in nucleus-nucleus collisions, which
is not measured with sufficient precision. The perturbative cross section is convoluted with the nuclear
parton distribution functions (nPDF) in the nucleus, which are not the same as inside a proton, due to
phenomena such as gluon saturation at low xBj, gluon shadowing and gluon anti-shadowing (see [116]
for the most commonly used set of nPDFs).
Besides the modified PDFs, other Cold Nuclear Matter (CNM) effects — i.e. effects not related
to the hot medium created in the collision — might play a role. Examples of these effects are multiple
scatterings of the incoming partons before the hard scattering, (coherent) gluon radiation and absorption
in the nuclear medium, see [117] and references therein.
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These effects can be addressed in the study of J/ψ production in proton-nucleus collisions, in which
no creation of a hot medium is expected, however CNM effects are at play the same as in nucleus-nucleus
collisions. See [118] for a study of J/ψ production in proton-lead collisions from ALICE.
1.7 Outline of the thesis
Summarizing, it can be stated that especially nonperturbative aspects of particle production in proton-
proton collisions still offer room for improvement of our current knowledge. Especially collisions with
high particle multiplicities are of high interest, since they provide access to effects related to multiple
partonic interactions in one collisions and one might witness the onset of collective effects in them.
The J/ψ particle is of special interest in these investigations, since the different energy scales relevant
for its production allow access to both perturbative and nonperturbative aspects of the strong interaction.
One highly interesting observable is the charged-particle multiplicity dependence of J/ψ production,
which will be introduced in chapter 2. Experimental observations and theoretical model expectations
will be presented. The observable will be further studied with an analysis on experimental data taken
in proton-proton collisions at
p
s = 13TeV from the ALICE experiments. The ALICE detector will be de-
scribed in chapter 3, and the analysis will be presented in chapter 4 and chapter 5, the latter describing
the estimation of the systematic uncertainties of the analysis. The results will be discussed in chapter 6.
A Monte Carlo study based on the PYTHIA8 event generator will be presented in chapter 7. A summary
and an outlook to future experimental opportunities will be given in chapter 8.
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2 Charmonium production as a function of
event-activity
In this chapter, experimental and theoretical results on charmonium production as a function of event-
activity and related observables will be introduced. First some experimental results will be presented,
followed by a brief description of theoretical models that can be used for predictions in this regard.
2.1 Experimental results
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Figure 2.1.: Left: Multiplicity distribution for events with and without charm production from the NA27
experiment. Figure taken from [119]. Right: Expectation for direct J/ψ production as a func-
tion of mid-rapidity multiplicity in pp collisions at
p
s = 10TeV from PYTHIA6, using different
settings for multiparton interactions. Figure taken from [120].
The NA27 experiment at CERN compared [119] events with and without open charm production
in pp collisions at
p
s = 27GeV. It was found that the average charged-particle multiplicity of events
containing open charm is about 20 % higher than that of events without, and the dispersion of the
multiplicity distribution is about 15 % narrower, as shown in Fig. 2.1 (left). Also, a more isotropic shape
of events with charm production was observed, as compared to events without charm in experiments at
lower energies.
The idea to measure J/ψ production as a function of charged-particle multiplicity was proposed by
Porteboeuf and Granier de Cassagnac in [120]. Predictions of the dependence of the J/ψ yield on
the charged-particle multiplicity from PYTHIA6.2 and PYTHIA6.4 with different settings for multiparton
interactions were presented, as shown in Fig. 2.1 (right). (The predictions were done for a collision
energy of 10 TeV. Only directly produced J/ψ particles were considered, but no decay daughters from
beauty mesons or higher charmonia states. The charged-particle multiplicity is determined only from
particles with pT > 0.9 GeV/c and |η| < 2.4, corresponding to the acceptance of the CMS experiment.)
Quite different behaviors for the different model settings could be observed, indicating large uncertainty
especially on the multiparton-interaction treatment, but in any case a decrease of J/ψ production with
multiplicity was expected.
ALICE measured [121] the yield of inclusive J/ψ produced at forward (2.5 < y < 4.0) and at mid-
rapidity (|y| < 0.9) as a function of the charged-particle multiplicity at mid-rapidity (|η| < 1.0) in pp
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Figure 2.2.: ALICE results on J/ψ production at mid-, forward and backward rapidity as a function of
charged-particle multiplicity at mid-rapidity in pp collisions at
p
s = 7TeV (left), and p-Pb
collisions at
p
sNN = 5.02TeV (right). Figures taken from [121], [122].
collisions at
p
s = 7 TeV. Both values were normalized to their mean values in minimum bias collisions.
The result is shown in Fig. 2.2 (left). An increase of J/ψ production with multiplicity was observed in
both cases. J/ψ production at forward rapidity seems to rise linearly with the mid-rapidity charged-
particle multiplicity, while for J/ψ at mid-rapidity there is a hint of a stronger-than-linear increase.
Simulations with the PYTHIA6 model still predicted a decrease of J/ψ production with multiplicity
and thus could not describe the data. The analysis was later refined [123] to include only prompt
J/ψ. The results were in agreement with the inclusive analysis. The STAR collaboration confirmed
with preliminary results [124] the increase of J/ψ production with multiplicity in pp collisions at a
lower collision energy of
p
s = 500 GeV. The measurement was done pT-integrated and for J/ψ with
pT > 4GeV/c. In the high-momentum case the increase is clearly stronger than linear. The data could be
well described with the percolation model (see section 2.2.1), and simulations from PYTHIA8 (compare
chapter 7 for a study based on the analysis presented in this thesis).
ALICE observed [122] an increase of J/ψ production with charged-particle multiplicity also in p-Pb
collisions at
p
sNN = 5.02TeV. Here, a more differentiated picture emerged, as shown in Fig. 2.2 (right):
In the Pb-going direction (backward rapidity) and at mid-rapidity the increase is linear, possibly stronger
than linear at mid-rapidity. In the p-going direction (forward rapidity), the increase flattens with higher
multiplicities. For the relative mean pT (mean pT at given multiplicity divided by mean pT in minimum
bias collisions) of J/ψ, an increase with multiplicity was observed up to around 1.5 times the mean
multiplicity, then it flattens out, both at forward and backward rapidity in a very similar manner, and in
contrast to the relative mean pT of charged hadrons at mid-rapidity, which continues rising.
The simultaneous increase of J/ψ with multiplicity in combination with a flattening of the mean pT
can be interpreted on the basis of J/ψ production from an incoherent superposition of parton-parton
interactions. The flattening at forward rapidity could be due to shadowing or saturation effects, since
thexBj values of the collisions are in the relevant regions ( 2 · 105 < xBj < 8 · 105 for forward rapidity,
1 · 102 < xBj < 5 · 102 for backward rapidity).
In the bottomonium sector, the CMS experiment investigated [125] the event activity dependence of
Υ (nS) production (for n= 1, 2, 3) at mid-rapidity (|ycm|< 1.93) in pp collisions at
p
s = 2.76 TeV and p-
Pb collisions at
p
sNN = 5.02TeV. Two different event activity estimators were used: the charged-particle
multiplicity measured at mid-rapidity (|η|< 2.4), and the sum of transverse energy deposited at forward
rapidity (4.0< |η|< 5.2). For p-Pb collisions, a linear increase with event activity was observed for both
estimators. For pp collisions, if the event activity is estimated in the same region where the Υ (nS) signals
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Figure 2.3.: CMS results on mid-rapidity Υ production as a function of event activity in pp, p-Pb and Pb-
Pb collisions at
p
s = 2.76TeV,
p
sNN = 5.02TeV, and
p
sNN = 2.76TeV, respectively. Event
activity estimated at mid-rapidity (left), or forward rapidity (right). Figure taken from [125].
are measured, a stronger-than-linear increase is seen. If an η gap between the estimator and the signal
is introduced, the increase is the same as for the p-Pb case, i.e. linear. The results were also compared
with Pb-Pb collisions at
p
sNN = 2.76 TeV, which show a linear, or slightly weaker than linear increase
with multiplicity for both estimators. The results are shown in Fig. 2.3 for the case of the Υ (1S).
It was also observed, that the ratio of the excited states Υ (2S) and Υ (3S) to the ground state Υ (1S)
decreases with multiplicity, both in pp and p-Pb collisions. The effect is stronger in the case where
the multiplicity is estimated in the same rapidity region as the signal. The measurements were also
compared to the values from Pb-Pb collisions. A continuous decrease of the ratio seems to be present for
all three collision systems, though in Pb-Pb collisions the effect is not significant due to larger statistical
uncertainties.
It is interesting to compare the results on quarkonia with the open heavy-flavor sector. Here, ALICE
has measured open-charm and open-beauty production as a function of multiplicity in pp collisions
at
p
s = 7TeV [123] and open-charm production in p-Pb collisions at
p
sNN = 5.02 TeV [126]. For the
open-charm measurement, fully reconstructed D-mesons were measured. Open beauty was accessed via
the measurement of non-prompt J/ψ. In the D-meson measurement, the dependence on two different
multiplicities was investigated: the mid-rapidity multiplicity, and forward rapidity multiplicity, in pp
collisions estimated from the sum of the signals of the V0A and V0C detectors, in p-Pb collisions from the
multiplicity in the V0A detector, i.e. in the Pb-going direction. See chapter 3 for a description of ALICE
and its subdetectors.
The results of the D-meson measurements are shown in Fig. 2.4. As a function of multiplicity in the
same rapidity region as the signal, the D-meson yield increases faster than linearly both in pp and p-Pb
collision, in the latter case the increase is probably slightly weaker. Plotting against the multiplicity at
forward rapidity, the increase in pp collisions stays stronger than linear, in p-Pb it becomes linear. In
pp collisions, a pT differential study was performed. No significant pT dependence of the increase with
multiplicity was found, although there is a hint for a stronger increase at higher pT. The non-prompt
J/ψ measurement was done as a function of the mid-rapidity multiplicity. As can be seen in Fig. 2.5
(right), an increase with multiplicity was observed, consistent with linearity, but with the hint of a
stronger-than-linear increase.
The results on D-meson production in pp collisions have been compared to several models, as pre-
sented in Fig. 2.5 (left), these are the percolation model (see section 2.2.1), the PYTHIA8 event gener-
ator (see chapter 7), and the EPOS3 event generator, either with or without hydrodynamical expansion
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Figure 2.4.: ALICE results on D-meson production at mid-rapidity in pp collisions at
p
s = 7TeV and p-
Pb collisions at
p
sNN = 5.02TeV as a function of charged-particle multiplicity at mid-rapidity
(left), and forward rapidity (right). Figures taken from [126].
of the system (compare section 2.2.4). All the models qualitatively describe the data. In case of the
EPOS3 model, the inclusion of hydrodynamics is crucial for a quantitative description of the data. When
including it, a good description of the data is reached. The PYTHIA8 generator seems to underpredict
the increase.
In a detailed study with the PYTHIA8 generator the influence of the different heavy-flavor produc-
tion mechanisms was investigated. It was found, that multiparton interactions are crucial in order to
understand the increase with multiplicity. More details on the different mechanisms in PYTHIA8, and a
comparable study for the J/ψ case will be presented in chapter 7.
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Figure 2.5.: ALICE results on open heavy-flavor production at mid-rapidity as a function of charged-
particle multiplicity at mid-rapidity in pp collisions at
p
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to model predictions from percolation model, EPOS3, and PYTHIA8.1. Right: Non-prompt
J/ψ, compared to prediction from PYTHIA 8.1. Figures taken from [123].
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Table 2.1 (top) summarizes the findings for open heavy-flavor and quarkonium production as a func-
tion of multiplicity in pp collisions. It can be stated that if both multiplicity and the signal are measured
at mid-rapidity, a stronger-than-linear increase is observed. If the multiplicity is measured at forward
rapidity, the increase remains stronger than linear in the case of open heavy-flavor, for quarkonium it
becomes linear. For the latter, only a measurement on bottomonium exists so far. (The charmonium
case will also be covered in this thesis. It has to be noted however, that in this thesis an analysis of
inclusive J/ψ is presented, containing a significant fraction of non-prompt J/ψ, an open heavy-flavor
component.) At forward rapidity the measurement of J/ψ shows only a linear increase with multiplicity
at mid-rapidity.
The situation in p-Pb collisions is summarized in table 2.1 (bottom). Here, a difference is that mid-
rapidity bottomonium production increases only linearly with mid-rapidity multiplicity, while for open
charm the increase remains stronger than linear, and for charmonium there is a hint for a stronger-than-
linear increase. Again, it has to be kept in mind that the J/ψmeasurement contains an open heavy-flavor
component. When the multiplicity is measured at forward rapidity, the increase is both in case of open
charm and bottomonium linear. Similar to pp collisions, charmonium production at forward rapidity
increases linearly with mid-rapidity multiplicity when measured in the Pb going direction; in the p going
direction, a weaker than linear increase is observed.
Table 2.1.: Summary of results on heavy-flavor production in pp and p-Pb collisions as a function of
multiplicity. Results for charmonium, bottomonium , D-mesons and B mesons. "Stronger",
"weaker" and "linear" denotes a stronger-than-linear, weaker-than-linear, or linear increase of
the yield as a function of multiplicity, respectively.
Proton-proton collision
Multiplicity
Signal
Mid-rapidity Forward rapidity
Mid-rapidity stronger [121,123,124] linear [121]
stronger [125] –
stronger [123] –
stronger(?) [123] –
Forward rapidity (this thesis) –
linear [125] –
stronger [123] –
– –
Proton-lead collision
Multiplicity
Signal
Mid-rapidity p-going Pb-going
Mid-rapidity stronger(?) [122] weaker [122] linear [122]
linear [125] – –
stronger [126] – –
Forward rapidity – – –
(p and Pb-going combined) linear [125] – –
(Pb-going) linear [126] – –
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2.1.1 Light-flavor sector
Going away from heavy flavors, high-pT charged hadrons represent another hard probe. In a prelim-
inary measurement [127], ALICE investigated the increase of mid-rapidity charged-hadron production
above different minimum pT values as a function of the mid-rapidity multiplicity in pp collisions atp
s = 13TeV. The results are shown in Fig. 2.6. A stronger-than-linear increase is observed, the increase
gets steeper with higher minimum pT. The result is qualitatively very similar to the observations in the
heavy-flavor sector. The PYTHIA8 model qualitatively describes the experimental observation.
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Figure 2.6.: Preliminary ALICE results on high-pT charged-hadron production at mid-rapidity as a func-
tion of mid-rapidity charged-particle multiplicity, compared to prediction from the PYTHIA8
model. Figure taken from [127].
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2.2 Theoretical models
2.2.1 Percolation model
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Figure 2.7.: Predictions from the percolation model [128], [129]. Left: mid and forward rapidity J/ψ and
mid-rapidity D-meson production as a function of mid-rapidity multiplicity in pp collisions atp
s = 7TeV, compared to ALICE experimental data [121, 123]. Right: Probability distribu-
tions for the charged-particle multiplicities for minimum bias events (solid line), events with
J/ψ produced at mid-rapidity from PYTHIA6 (dotted line), and from the percolation model
(dashed line).
In their model [128, 129], E. G. Ferreiro and C. Pajares attribute the observed stronger-than-linear
increase of J/ψ production with charged-particle multiplicity to a saturation of soft particle production
in high-multiplicity proton-proton collisions.
The basic assumption is that the color strings as elementary sources of particle production have a
non-zero transverse size. At high density they start to overlap, thus reducing their effective number.
Hard probes — such as the J/ψ—, are produced in parton-parton interactions; their number NJ/ψ is
proportional to the number of produced strings Ns. For the relative values normalized to their mean
values nJ/ψ ≡ NJ/ψ/〈NJ/ψ〉 and ns ≡ Ns/〈Ns〉 thus holds
nJ/ψ = ns (2.1)
The overall charged-particle multiplicity density on the other hand, is governed by soft particles which
are subject to the overlapping of the strings. The number of charged particles per unit of rapidity dN/dη
can be expressed as
dNch/dη = F(ρ)Nsµ1 (2.2)
with µ1 the multiplicity produced from a single string, and a damping factor F(ρ), caused by the string
interactions and depending on the string density ρ:
F(ρ) =
√√1− e−ρ
ρ
. (2.3)
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Combining equations 2.1 and 2.2, one finds for the dependence of the self-normalized J/ψ yield on
the relative charged-particle multiplicity nch =
dN/dη
〈dN/dη〉 following approximate behavior:
nJ/ψ = (1− 〈ρ〉)nch + 〈ρ〉n2ch (2.4)
At low string density — so at low multiplicity — the J/ψ yield grows linearly with multiplicity, chang-
ing into a quadratic increase at higher multiplicity.
As shown in Fig. 2.7 (left), the model describes accurately the increase of J/ψ and D-meson yields with
the charged particle multiplicity at
p
s = 7TeV as measured by ALICE [121,123]. At forward rapidity a
lower string density is assumed, so the increase of J/ψ is weaker. The uncertainty of the string density
also gives the main uncertainty of the model of about 20 %.
From the model also the difference of the multiplicity distributions for events with and without pro-
duction of J/ψ particles can be predicted. This is shown in Fig. 2.7 (right), which shows the multiplicity
distributions for minimum bias events from experimental data, compared to events with J/ψ production
from the PYTHIA6 event generator, and from the percolation model. In contrast to PYHTIA6, which ex-
pects a lower multiplicity for events containing J/ψ, in this model a depletion of low multiplicity events
and an enhancement of high multiplicity ones is expected.
2.2.2 Higher Fock states model
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Figure 2.8.: Predictions from the higher-Fock-states model [130]. Left: J/ψ production at mid- and for-
ward rapidity as function of mid-rapidity multiplicity in pp collisions at
p
s = 7TeV, compared
to ALICE results [123]. Right: J/ψ transverse-momentum broadening as a function of multi-
plicity. Dashed (solid) line: excluding (including) gluon shadowing corrections.
The model [130] by B. Z. Kopeliovich, H. J. Pirner, I. K. Potashnikova, K.Reygers and I. Schmidt draws
an analogy between high-multiplicity pp collisions and proton-nucleus (pA) collisions: in high energy
nuclei there is an overlap of gluons in the longitudinal direction at small xBj, so that the nucleus acts as
a single source of gluons. In a single nucleon this corresponds to the contributions of higher Fock states.
From this analogy it is conjectured that observations from pA collisions can be used to make predictions
for pp collisions.
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First, the ratio of the average hadron densities in pA collisions and pp collisions RpA
h
≡ 〈dN
pA
h
/dy〉
〈dN pp
h
/dy〉 is
parametrized to depend on the number of collisions Ncoll in the following way:
R
pA
h
= 1+ β(Ncoll − 1) (2.5)
The β parameter describes the departure of the hadron multiplicity from pure Ncoll scaling due to cold
nuclear matter effects. Based on experimental observations from fixed-target experiments at Fermilab
and collider experiments at RHIC, it is estimated to be in the range 0.5< β < 0.65. The upper and lower
limit of this estimate are taken as uncertainty of the model.
Identifying the nuclear inelastic cross section with the geometric one, the number of colliding nucleons
can be related to the nuclear mass number A:
Ncoll ≈
σ
pp
inel
pir20
A1/3 (2.6)
with r0 the nucleon radius and σ
pp
inel
the inelastic proton-proton cross section.
The ratio of the mean J/ψ yield in pA and pp collisions RpA
J/ψ
≡
〈dN pA
J/ψ
/dy〉
〈dN pp
J/ψ
/dy〉 on the other hand depends
on Ncoll and A in the following way:
R
pA
J/ψ
= NcollA
α−1 (2.7)
with α a collision energy and rapidity dependent parameter. At mid-rapidity a value α= 0.95 is assumed.
Again, this parametrization is motivated by experimental data.
Inserting equations 2.5 and 2.6 into equation 2.7, one arrives at the correlation between the J/ψ yield
and charged-particle multiplicity in pA collisions:
R
pA
J/ψ
=

1+
R
pA
h
− 1
β
3α−2
σ
pp
inel
pir20
3(1−α)
(2.8)
A crucial assumption of the model is now to infer that equation 2.8 also holds for the corresponding
ratios of high-multiplicity and minimum bias pp collisions Rpp
h
≡ dN
pp
h
/dy
〈dN pp
h
/dy〉 and R
pp
J/ψ
≡
dN
pp
J/ψ
/dy
〈dN pp
J/ψ
/dy〉 .
A comparison with the ALICE measurement of the increase of the J/ψ yield at forward and mid-
rapidity as a function of the charged-particle multiplicity in pp collisions at
p
s = 7 TeV is shown in
Fig. 2.8 (left). The model agrees well with the data.
Extending further the analogy between high-multiplicity pp collisions and pA collisions, the model
predicts a linear pT broadening with increasing charged-particle multiplicity, i.e. an increase of the
mean transverse momentum squared ∆p2
T
≡ 〈p2
T
〉Rpp
h
>1 − 〈p2T〉Rpp
h
=1:
∆p2
T
∝
 
R
pp
h
− 1

. (2.9)
The prediction for J/ψ at mid-rapidity in pp collisions at
p
s = 7 TeV is shown in Fig. 2.8 (right).
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2.2.3 CGC model
In their model [131], Ma, Tribedy, Venugopalan and Watanabe combine the CGC effective field theory
with the NRQCD EFT and the improved Color Evaporation Model (ICEM) (cf. chapter 1). With it
they describe the observed increase of J/ψ production as a function of charged-particle multiplicity
measured by ALICE in pp collisions at
p
s = 7TeV [121] and the preliminary results [132] of the analysis
at
p
s = 13 TeV, described in this thesis. Also the multiplicity dependence of D-meson and forward-
rapidity J/ψ production and the measurements in p-Pb collision are described with the model.
According to the model, high multiplicity pp collisions select events with high parton densities in the
incoming protons, leading to strongly correlated gluons. Within the CGC model, the parton density
increase with multiplicity can be treated via an increase of the saturation scale Qs.
As shown in Fig. 2.9 (left), this approach, employing the ICEMmodel, provides a very good description
of mid-rapidity J/ψ production as a function of multiplicity both at
p
s = 7 TeV and
p
s = 13 TeV.
Utilizing the NRQCD approach, one finds that the color octet and color singlet channels have different
dependences on the dynamics of the saturated gluons. They show thus a different dependences on the
charged-particle multiplicity, as shown in Fig. 2.9 (right). At high multiplicity the color octet 3S1 channel
dominates, indicating the dominance of gluon fragmentation in this region. From these findings an inter-
esting possibility for the use of multiplicity-dependent J/ψ measurements arises, namely the possibility
to extract the long distance matrix elements of the NRQCD model from these kind of measurements,
especially at low and intermediate pT.
Figure 2.9.: Predictions for mid-rapidity J/ψ production as function of mid-rapidity multiplicity from the
CGC model compared to ALICE data [121, 132]. Left: Combining CGC with the ICEM model.
Right: Contribution of the different channels according to the CGC+NRQCDmodel, compared
to GCG+ICEM. Figure taken from [131].
2.2.4 EPOS3 event generator
EPOS [27] (Energy conserving quantum mechanical multiple scattering approach, based on Partons
(parton ladders), Off-shell remnant, and Splitting of parton ladders) is a universal model for proton-
proton, proton-nucleus and nucleus-nucleus collisions.
In this model, the elementary scattering is expressed in the so called Parton-Based Gribov-Regge theory
(PBGRT) formalism. The elementary scattering objects are parton ladders, or pomerons, which are
exchanged between the partons participating in the collision. Motivated by CGC, a saturation of pomeron
exchanges is implemented. The parton ladders consist of a hard pQCD scattering vertex, accompanied by
initial (space-like) and final (time-like) state parton emission. Fig. 2.10 shows a sketch of a proton-proton
collision in EPOS; it also shows where in the collision heavy quark production can happen.
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In the latest version of the model (EPOS3 [133]), after the initial interactions a split into a core and a
corona part is performed, based on the momentum and density of the string fragments. The soft particles
in the core are treated with a viscous hydrodynamic expansion, whereas the hard particles in the corona
escape. At a constant temperature, the core particles hadronize [134], a hadronic afterburner phase
follows, using the UrQMD model [135,136].
This model can well describe the stronger than linear increase of D-meson production as a function of
event activity in pp and p-Pb collisions. In the following, the origin of the effect in the EPOS3 model will
be sketched. The explanations are based on [137] and to a large extend should also apply to the case of
charmonium.
Q
Q
Q
Q
Q
Q
Born
SLC
TLC
SLC
TLC
Figure 2.10.: Schematic picture of a proton-proton collision in EPOS and heavy-quark production mecha-
nisms in hard scattering (Born), space-like parton cascades (SLC), and time-like parton cas-
cades (TLC). Figure taken from [137].
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First, the situation without the hydrodynamic expansion of the system is considered. Heavy quarks
are produced during the initial stage of the collision, as are the other particles. The charged-particle
multiplicity Nch increases linearly with the number of exchanged pomerons NPom, as shown in Fig. 2.11
(left). The increase of D-meson production is slightly weaker, especially at high pT due to the mentioned
saturation effects from the CGC.
Though Nch depends linearly on NPom, it is a broad distribution, so that a collision with a high Nch
can either have a high number of exchanged pomerons with average hardness each, or a small number
of hard pomerons, each producing a high number of particles. This is illustrated in Fig. 2.11 (middle):
for a given relative charged-particle multiplicity n∗
ch
the probability to have NPom pomerons exchanged is
shown.
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The production of a hard probe is more likely for events with hard pomerons exchanged, this implies
that for a given charged-particle multiplicity, events with fewer but harder pomerons are favored. This
fact is illustrated Fig. 2.11 (middle) with the line showing the relative high pT D-meson production
probability at the given multiplicity as a function of the number of exchanged pomerons: the probability
for D-meson production falls steeply with the number of exchanged pomerons.
This effect then leads to a stronger than linear increase of D-meson production with charged-particle
multiplicity, the increase getting stronger with pT, as shown in Fig. 2.11 (right).
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The subsequent hydrodynamic evolution of the system then amplifies this effect. As shown in Fig. 2.12
(left), the charged-particle multiplicity is reduced by the hydrodynamic expansion, but not the D-meson
production. This can be interpreted in such a way, that a part of the available energy goes into the
transverse flow rather than particle production, reducing the multiplicity. D-mesons, being hard probes
do not take part in the hydrodynamic expansion, so are unaffected.
The full model prediction is shown in Fig. 2.12 (middle), together with the experimental data from
the ALICE experiment [123]. A good description of the data is achieved.
When investigating the increase of mid-rapidity D-meson production with the multiplicity at forward
rapidities, the overall effect is weakened. The reason is the reduced correlation between multiplicity in
this region with D-meson production. The model prediction for this case is shown in Fig. 2.12 (right),
again compared to experimental data from the ALICE experiment [123] and shows a good agreement
with it.
2.3 Summary
Summarizing the current knowledge on the production of hard probes as a function of event activity
in proton-proton collisions, one can state the following:
Hard-probe production in pp collisions increases with multiplicity. When both the signal and the
multiplicity are measured at the same rapidity, the increase is stronger than linear. By introducing a gap
in rapidity between the signal and the multiplicity the effect is weakened, and in the case of hidden heavy
flavor seems to be only linear. This hints to the fact that a relevant amount of the observed increased
might be due to auto-correlation effects between the hard probe and the overall measured multiplicity.
The results for light, open and hidden heavy flavor are similar, so it is adequate to assume the origin of
the effect in the hardness of the probe, and to be independent of the microscopic composition.
The observations seem to be independent of collision energy, but it will be interesting to investigate
the highest currently available LHC energy. Some questions were not yet addressed exhaustively, like
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whether there is a pT dependence of the increase with multiplicity in the case of quarkonia, and the
effect of a rapidity gap between the signal and the multiplicity estimator for charmonia in pp collisions.
Furthermore it would be interesting to investigate the different quarkonia production mechanisms in
PYTHIA8 and their behavior with multiplicity, as was done for the open heavy flavor case. And finally, no
quarkonium measurement so far was able to go to higher relative multiplicities than about 4. The theo-
retical models start to disagree above this value, so it will be very interesting to extend the measurements.
All this open points will be addressed in this thesis.
From the theory point of view, the picture can be summarized in the following way: In order to have
at least a linear increase of hard probe production with multiplicity, some mechanism for multiple in-
teractions within one pp collision is crucial, be it the intrinsic multi-scattering approach of EPOS, or
multiple partonic interactions. The non-linearity of the increase can be attributed to a reduction of the
charged-particle multiplicity, e.g. via overlapping strings in the percolation model, or the hydrodynami-
cal expansion in EPOS3.
In proton-nucleus collisions, both the results and the theoretical interpretation seem to be less straight
forward, a main reason is that the multiplicity has to be seen as a convolution of the number of individual
hadronic collisions and the multiplicity of one of these collisions.
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3 The ALICE experiment at the LHC
3.1 The Large Hadron Collider
Figure 3.1.: Schematic view of the CERN accelerator complex and its four largest experiments. Figure
taken from [138].
The Large Hadron Collider (LHC), located at the European Organization for Nuclear Research (CERN)
in Geneva, is the largest collider ever built, reaching the highest collision energies. The ring collider
with a circumference of 26.7 km was built into the tunnel originally constructed for the Large Electron
Positron Collider (LEP), 45 to 170 m below the surface. The accelerator complex with its pre-accelerators
is shown in Fig. 3.1. Details can be found in [139].
Operation began in November 2009. The Run-1 of data taking concluded in February 2013. In this
period, the LHC delivered proton-proton (pp) collisions at center-of-mass energies of up to
p
s = 8TeV,
proton-lead (p-Pb) collisions at
p
sNN = 5.02TeV and lead-lead (Pb-Pb) collisions at
p
sNN = 2.76 TeV.
This data taking period lead to the discovery by ATLAS and CMS [11] [12] of the Higgs boson, the last
missing elementary particle predicted by the Standard model of particle physics.
After a two year maintenance and upgrade phase, called the Long Shutdown 1 (LS1), Run-2 started
in April 2015. Up to now, experiments were provided with pp collisions at
p
s = 13 TeV, p-Pb collisions
of up to
p
sNN = 8.16 TeV, Pb-Pb collisions at
p
sNN = 5.02TeV, and – introducing a whole new collision
system to the LHC – xenon-xenon (Xe-Xe) collisions at
p
sNN = 5.44 TeV. In pp collisions, instantaneous
luminosities of over 2 · 1034 cm−2 s−1 were reached, more than twice the design value of 1 · 1034 cm−2 s−1.
Seven experiments are operating at the LHC, four of which are large ones with broad scientific scope.
They are complemented by smaller, more specialized experiments that are located in the same caverns
as the large experiments. The experiments are:
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• ATLAS (A Toroidal LHC ApparatuS) [140] is with a length of 46 m and a diameter of 25 m the
largest of the LHC experiments, and the largest detector ever built for particle physics. Several
cylindrical tracking and transition radiation layers are hosted around the interaction point, com-
plemented by calorimeters and muon spectrometers. ATLAS is a general purpose particle physics
detector. Besides the mentioned discovery of the Higgs boson and measurements of its properties,
it searches for physics beyond the standard model, such as supersymmetry.
• CMS (Compact Muon Solenoid) [141] is the second general-purpose particle-physics detector
at the LHC. Smaller but heavier than ATLAS and with a different detector layout, it has similar
physics goals. Its inner tracking and calorimeter layers are surrounded by a strong solenoidal
magnet. Outside of the magnet and interleaved with an iron structure called the "return yoke" that
guides and contains the magnetic field are the eponymous muon detectors.
• ALICE (A Large Ion Collider Experiment) [142] is a general purpose detector dedicated to the
study of heavy-ion collisions at the LHC. More details on this detector will be given in the next
section.
• LHCb (Large Hadron Collider beauty) [143] is mainly focused on heavy-flavor physics and in
particular C P violations. In contrast to the other large experiments, it is entirely built at forward
rapidity, using high-precision tracking layers and various particle-identification techniques. By
injecting gas in the interaction region, LHCb can be operated in a fixed-target mode and investigate
cosmic ray physics. One of the highlights of its Run-1 data-taking campaign was the discovery of a
pentaquark candidate [5]. In the LHC Run-2 LHCb started a heavy-ion program with the successful
participation in the Pb-Pb data taking period in 2015.
• TOTEM (Total Cross Section, Elastic Scattering and Diffraction Dissociation at the LHC) [144]
consist of several subdetectors located around the CMS detector at distances up to 217 m from the
interactions vertex. Besides the measurement of the total proton-proton interaction cross section,
it focuses on elastic proton collisions and diffractive processes.
• MoEDAL (Monopole and Exotics Detector at the LHC) [145] is located around the intersection
region of the LHCb detector. With an array of plastic nuclear track detectors it searches for exotic
such as magnetic monopoles, dysons and electrically-charged stable massive particles.
• LHCf (Large Hadron Collider forward) [146] consist of two subdetectors at a distance of 140 m
on either side of the ATLAS detector. It is dedicated to measure neutral pions produced in the
collisions at very forward regions as an input to calibrate models of high energy cosmic rays.
3.2 ALICE
ALICE is unique among the LHC experiments in its particle tracking ability down to low transverse
momenta and particle identification in wide kinematic regions employing a wide range of different
techniques. Fig. 3.2 shows a schematic layout of the ALICE detector. A short summary of its individual
components will be given here; the ones relevant for the presented analysis will be further described in
more detail below.
The main part of ALICE is the central barrel, the part of the detector built cylindrically around the
interaction point. Surrounding the beam pipe is the ITS [148], mainly responsible for the determination
of the primary interaction vertex and secondary vertices. It is encased by the TPC [149, 150], the
main tracking and PID device of the detector, and the largest of its kind in the world. On its outer
edge additional tracking and PID detectors are located. These are the TRD [151], TOF [152], EMCal
[153], DCal [154], PHOS [155] and HMPID [156]. The PMD [157] serves as a photon multiplicity
detector. Several forward detectors [158] inside the central barrel serve specialized purposes: the T0
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Figure 3.2.: Schematic view of the ALICE detector. Figure taken from [147].
[159] provides a trigger and exact measure for the time of collisions, V0 [160] is used for triggering,
centrality determination in heavy-ion collisions, as well as for charged-particle multiplicity determination
at forward rapidity. In the latter purpose it is complemented by the FMD [161]. The central barrel is
encased by the L3 magnet, a huge solenoid that provides a homogeneous magnetic field of 0.5 T parallel
to the beam axis, forcing the outgoing charged particles on helical paths. On top of the magnet lies the
ACORDE [162] subdetector, for the detection of high-momentum cosmic rays.
In forward direction the muon arm [163] is located: behind a hadron absorber with a thickness of
about 10 interaction lengths sits a sequence of highly granular tracking planes. A dipole magnet provides
a field of 0.67 T. Behind an iron wall shielding of about 7.2 interaction lengths follows the muon trigger.
Further away from the main detectors, the AD [164] and the ZDC [165] detectors are located; both
consist of two parts, located on either side of the interaction point. Located at very forward rapidities,
the AD detectors are specialized in triggering on diffractive collisions. The ZDC detectors are located at
even smaller angles to the beam. They measure the energy of spectator nucleons and thus serve as a
centrality estimator in heavy-ion collisions.
3.3 The Inner Tracking System
The Inner Tracking System (ITS) consists of six cylindrical silicon layers, employing three different
technologies. All layers cover the full azimuth, but different ranges in pseudorapidity.
The two innermost layers make up the Silicon Pixel Detector (SPD). Positioned at radii of 3.9 cm and
7.6 cm, they cover a pseudorapidity range of |η| < 2 and |η| < 1.4, respectively. They are composed of
about 10 million hybrid silicon pixel cells with a size of 50 µm in rϕ direction and 425 µm in z direction.
It is the high granularity of the SPD and its proximity to the interaction point that dominates the precision
in the determination of the primary interaction vertex and secondary vertices from particle decays.
The low material budget of about 1 % of a radiation length per layer allows the tracking of low momen-
tum particles down to about 80 MeV/c. It also results in a low bremsstrahlung probability for electrons,
and a low pair-conversion probability for photons. Both facts are advantageous for the presented analysis
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of J/ψ particles reconstructed in the dielectron decay channel. The information from the SPD detector
was used to estimate the charged-particle multiplicity at mid-rapidity, as will be explained in section 4.5.
The third and fourth layer of the ITS are positioned at radii of 15 cm and 23.9 cm and cover |η| < 0.9
both. They form the Silicon Drift Detector (SDD), which provides highly granular tracking information
both in the drift and z direction.
The last two ITS layers compose the Silicon Strip Detector (SSD). They are located at radii of 38 cm
and 43 cm and cover |η| < 0.98 both. They provide, together with the SDD a specific energy loss signal
dE/dx that can be used for particle identification.
3.4 The Time Projection Chamber
The Time Projection Chamber (TPC) is the main tracking and particle identification device of the
ALICE detector, providing three dimensional reconstruction of charged-particle tracks. Shaped like a
hollow cylinder with an inner radius of 84.8 cm, an outer radius of 2.466 m, and a length in beam
direction of 4.994 m, it covers the full azimuth and |η| < 0.9 for tracks crossing the full radial length of
the detector. At higher pseudorapidities, tracks do still cross parts of the detector, e.g. up to |η| < 1.5,
tracks with 1/3 radial length can be reconstructed. The central high voltage cathode divides the active
volume into two halfs. Set to a voltage of −100 kV, it provides a homogeneous electric drift field of
400 V/cm along the beam direction.
The active volume is filled with a gas mixture of Ar−CO2. Traversing charged particles ionize the
gas. The freed electrons drift along the electric field towards the two end-caps on either side of the TPC.
Collisions with the gas molecules compensate the acceleration from the electric field, so the electrons
acquire a constant drift velocity of 2.65 cm/µs, the maximum drift time is 94 µs. The ions drift in the
opposite direction; their velocity is about a factor 1000 smaller.
The end-caps of the TPC are segmented in 18 sectors in azimuthal direction. Each sector is equipped
with two Multi-Wire Proportional Chambers with cathode pad readout, ordered in radial direction, the
inner and outer readout chambers (IROC, OROC). The chambers are segmented into pads with sizes
between 4×7.5mm2 and 6×15mm2, depending on their radial position. Arranged in 159 rows in radial
direction, there are in total 278784 pads on either side of the TPC. Due to the constant drift velocity
of the electrons, their arrival time can be translated into the z coordinate of their creation, with 1000
samples in this direction. This leads to 557 million voxels in space to reconstruct the three dimensional
flight path of the particles.
The radius of curvature in the constant magnetic field gives the momentum of the traversing particles.
From the deposited charge in the readout pads their specific energy loss per path length dE/dx , which
depends on their velocity β , is measured. Combining these two informations, the mass of the particle
can be determined and the particle thus be identified. More details on particle identification in the TPC
will be given in section 3.7.1.
3.5 The V0
The V0 system is composed of two scintillator arrays on either side of the interaction point: the V0A,
located 329 cm from the nominal vertex, covering a pseudorapidity range 2.8 < η < 5.1, and the V0C,
located on the front face of the hadron absorber between 86 cm and 88 cm from the nominal vertex,
covering a pseudorapidity range −3.7< η < −1.7. Each one of them is segmented in four rings in radial
direction, and eight sectors in azimuthal direction. Each of these 2 × 32 channels consist of a plastic
scintillator connected via wave-length shifting fibers to a photomultiplier tube. The V0 can be used to
provide a trigger signal for data taking. In the presented analysis, the minimum bias trigger consists of a
coincidence signal from both V0 arrays. The V0 can also provide a high-multiplicity trigger, by requiring
a deposited energy above a given threshold in the system. This trigger was also used in the presented
analysis to selected collisions with high multiplicity.
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Furthermore, the V0 can be used to reject background from interactions between the beam and the
residual gas in the beam pipe and from interactions between the beam halo and various accelerator
components. Finally, the charged-particle multiplicity at forward rapidity can be estimated based on the
energy deposited in the scintillators. This was done in the presented analysis. Details will be given in
section 4.5.
3.6 Tracking
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Figure 3.3.: ALICE central barrel event reconstruction flow. Figure taken from [166].
The ALICE central barrel tracking and vertex finding procedure consist of several steps which are
shown schematically in Fig. 3.3 and are explained in [166]. A short summary will be given here, more
details on tracking can be found in [167] and in [168] especially on TPC tracking. The vertex finding
procedure is described in [169].
The first step is the merging of the detector signals into clusters, based on their position in space
and time. This step is done for each detector individually. From the clusters in the SPD, a preliminary
interaction vertex is constructed. For this, tracklets are constructed as lines defined by pairs of clusters
in the first and second SPD layer, and a point of convergence for a maximum number of tracklets is
searched. The procedure is repeated several times to also find additional interaction vertices of pileup
events.
The next step is the track finding and fitting, which is itself a three-stages procedure, following an
inward-outward-inward scheme. It starts with combining clusters in the outermost regions of the TPC to
track seeds. The seeding is done once with the information of the interaction vertex taken into account
and once without. The track seeds are propagated inward towards the inner TPC wall, using a Kalman
filter approach by adding clusters compatible with the estimated track parameters. Special care is taken
to avoid that too many seeds use the same clusters. A preliminary PID hypothesis is done based on the
specific energy loss dE/dx in the TPC. The assumed mass is used to correct for the energy loss of the
traversing particle in the gas.
The reconstructed TPC tracks are then propagated to the outermost ITS layer, becoming the seeds for
the track finding in the ITS. Again, seeding is done once with and once without the information on the
primary vertex. The seeds are propagated inwards, taking into account shared clusters and dead zones of
the detector. Due to the reduced tracking efficiency in the TPC at low transverse momenta, a standalone
ITS tracking is performed afterwards with clusters that were not used for the ITS–TPC tracks.
Afterwards, the tracks are propagated outwards, starting from the point of closest approach to the
preliminary interaction vertex. Matching to the detectors at larger radii than the TPC, i.e. TRD, TOF,
EMCal, PHOS and HMPID is attempted.
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The third and last stage of tracking is the propagation back inwards starting from the outer wall of the
TPC. The tracks are refitted both in the TPC and the ITS, using the previously found clusters. The final
values of the track parameters and corresponding covariance matrices are determined.
Afterwards, with the combined ITS-TPC tracks, a final interaction vertex is determined, with a higher
precision than the preliminary one from SPD tracklets alone.
During the tracking procedure, kink, V0 and cascade topologies are searched for and the tracks be-
longing to them are flagged accordingly. The kink topology consist of an incoming track, called the kink
mother, and an outgoing track, the kink daughter, which continues outward under some finite angle to
the kink mother. They are typically produced by charged particles weakly decaying into a charged and a
neutral particle, e.g. K+→ µ++νµ. The V0 topology consist of two outgoing tracks that have the closest
approach to each other at some secondary vertex distinct from the interaction vertex. They are produced
either by neutral particles decaying to two charged particles, e.g. K0
s
→ pi+pi−, or by photon conversions
to electron positron pairs in the detector material. Cascades are more complicated topologies originating
from a cascading decay chain of charged and neutral particles, e.g. Ξ−→ Λ0pi−, followed by Λ0 → ppi−.
3.7 Particle identification
Particle identification (PID) is done in ALICE with different subdetectors employing various techniques,
which will be briefly summarized here. More details can be found in [166].
• The ITS provides an ionization energy loss signal from its four outer layers. By normalizing to
the path length, a dE/dx value can be obtained from each layer, from which a truncated mean
is calculated, discarding the highest charge clusters. It is especially useful in the low momentum
region, where the ITS is used for standalone tracking.
• The TPC measures the dE/dx from the charge deposited on the up to 159 pad rows. This is the
only detector used for PID in the presented analysis, more details will be given in section 3.7.1.
• The TRD (Transition Radiation Detector) provides particle identification based on the specific
energy loss and transition radiation (TR) of traversing particles. TR is emitted by relativistic
particles when they traverse the interface of two materials with different dielectric constants. The
onset of TR happens around βγ = p
m
¦ 1000. This means electrons with momenta above p ¦
0.5 GeV/c emit TR, while hadrons do not up to much higher momenta. TR can thus be used to
distinguish electrons from hadrons. The TRD covers the full central barrel acceptance. It has a six
layer structure, each layer consisting of a radiator (polypropylene fiber mats sandwiched between
two Rohacell foam sheets) followed by a drift chamber filled with Xe-Co2. The TR photons are
absorbed in the gas of the drift chamber, depositing energy. Particle identification can be obtained
either from the deposited energy alone, or also taking into account the time dependence of the
energy loss, which gives additional discrimination power. The TRD can also be used as a physics
trigger on high-momentum electrons, jets and nuclei [170].
• The TOF (Time-Of-Flight) detector identifies particles by measuring the time interval they need
to travel a defined distance. The start time is provided by the T0 detector [159], which consist
of two arrays of Cherenkov counters on either side of the interaction point. The TOF itself is
composed of Multigap Resistive Plate Chambers and covers the full central barrel acceptance. It
can measure the arrival time of particles with a resolution of about 80 ps. Together with the
momentum information from the tracking detectors, TOF provides particle identification in the
intermediate momentum range: kaons and pions can be identified up to p = 2.5 GeV/c, protons up
to p = 4GeV/c.
• EMCal (ElectroMagnetic Calorimeter), DCal (Di-Jet Calorimeter) and PHOS (Photon Spec-
trometer) are electromagnetic calorimeters. They can also be used for the identification of
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electrons due to the fact that those deposit their entire energy in an electromagnetic calorime-
ter whereas hadrons typically only lose a small fraction. With the momentum measured by the
tracking detectors, the fraction of deposited energy in the calorimeters can be determined, and
electrons thus be discriminated from hadrons. All three detectors cover a limited acceptance in
pseudorapidity and azimuth. The DCal serves as an extension of the EMCal, enabling the study
of hadron-jet and di-jet correlations. The detectors can also be used to provide triggers on high-
momentum electrons or photons. In parallel to the analysis presented in this thesis, an independent
analysis of high-momentum J/ψ production as a function of charged-particle multiplicity was per-
formed using the triggering and PID capabilities of the EMCal.
• The HMPID (High Momentum Particle Identification Detector) is a ring-imaging Chrenkov de-
tector. It provides hadron separation up to high momenta; kaons can be distinguished from pions
up to pT = 3GeV/c, protons up to pT = 5GeV/c. Its acceptance is limited, covering only 5 % of the
acceptance of the central barrel.
3.7.1 Particle identification in the TPC
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Figure 3.4.: Specific energy loss (dE/dx) in the TPC versus particle momentum in pp collisions atp
s = 13TeV. The lines show the parametrizations of the expected mean energy loss for
different particle species. Figure taken from [171].
The particle identification in the TPC is based on the simultaneous measurement of the specific energy
loss dE/dx and the rigidity (momentum divided by charge) of each track. For a given material the
energy loss depends to first order on the charge, velocity β and Lorentz factor γ. It can be described with
the Bethe-Bloch curve [172,173]. In the TPC the energy loss is measured in up to 159 samples from the
individual readout pad rows. From these individual values, a truncated mean is calculated.
The velocity dependence can be parametrized with the following formula, originally proposed by the
ALEPH collaboration [174]:
f (βγ) =
P1
β P4

P2 − β P4 − ln(P3 +
1
(βγ)P5
)

(3.1)
where β is the relativistic particle velocity, γ the Lorentz factor and P1−5 fit parameters. Fig. 3.4 shows ex-
perimentally obtained dE/dx values as a function of the particle momentum, together with the expected
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energy loss for the various particle species from the parametrized Bethe-Bloch curve. A clear separation
between the particle species in wide momentum regions is visible, as well as regions of overlap between
them. At high momentum the curves merge and an identification is no longer possible for individual
tracks. However particle abundancies can still be determined on a statistical basis with Gaussian fits to
the energy loss in slices of momentum.
The resolution of the dE/dx is around 5.2 %, and the distribution at a given βγ for a given particle
species is Gaussian down to at least three orders of magnitude. The width of the distributions can
be quantified with the standard deviation σ. In analyses typically the variable nσTPC,i is used, which
is the deviation of the measured energy loss to the expected energy loss of a certain particle species
i ∈ {electron, pions, protons, etc.} divided by the width σi of the distribution for this particle species:
nσTPC,i =
dE/dxmeasured − dE/dxexpected,i
σi
. (3.2)
The expected energy loss and the width are for each track corrected for additional detector effects,
depending e.g. on the pseudorapidity and the number of TPC clusters used for PID.
42 3. The ALICE experiment at the LHC
4 Analysis
In this chapter the analysis of J/ψ production as a function of the charged-particle multiplicity in
pp collisions at
p
s = 13 TeV will be described. First, the analysis strategy will be explained, then the
individual steps of the analysis will be presented in more detail.
4.1 Analysis Strategy
The general idea of the analysis is to extract the self-normalized inclusive J/ψ yield at mid-rapidity
(|y | < 0.8) as a function of self-normalized charged-particle multiplicity at mid-rapidity (|η| < 1) and
forward rapidity (−3.7 < η < −1.7 ∪ 2.8 < η < 5.1). The analysis is done for pT-integrated J/ψ, J/ψ
with pT < 4 GeV/c, and J/ψ with pT > 4 GeV/c. The steps that have to be followed in the analysis are
the following:
1. Selection of collision candidates, correction for selection efficiency.
2. Estimation of the charged particle multiplicities.
3. Identification of J/ψ decay daughters, reconstruction of the J/ψ, efficiency correction.
4. Calculation of the J/ψ yield as a function of multiplicity, normalization.
Collision candidates are selected based on trigger conditions. For the presented analysis two different
configurations were used: on the one hand a minimum bias (MB) trigger, on the other hand a trig-
ger to select events with high particle multiplicities (HM). The condition for the minimum bias trigger
is a coincidence signal in both V0 subdetectors; the condition for the high multiplicity trigger is a de-
posited energy above a certain threshold in the V0 detector, corresponding to roughly 5 times the average
deposited energy in a minimum bias event.
For the estimation of the multiplicity at mid-rapidity the number of SPD-tracklets (track segments
composed of detector hits in both layers of the SPD) in |η| < 1 is used. For the multiplicity at forward
rapidity the signals from the deposited energy in the V0C and V0C subdetectors are used.
In order to convert these detector signals into a measure for the charged-particle multiplicities, Monte
Carlo simulations are used.
The J/ψ is reconstructed in the dielectron decay channel. Electron candidates are selected based on
track quality criteria from the ITS and TPC detectors and the particle identification information from the
TPC detector. The efficiency of these selection criteria is estimated from a Monte Carlo simulation.
The J/ψ candidates are then identified via their invariant mass. The background beneath the J/ψ
peak is estimated from a description of the background in the side-bands of the signal and subtracted.
The J/ψ signal is extracted and the per-event J/ψ yield NJ/ψ calculated. The yield is normalized to the
mean per-event yield in inelastic collisions 〈NJ/ψ〉 to obtain the self-normalized J/ψ yield
nJ/ψ =
NJ/ψ
〈NJ/ψ〉
. (4.1)
This self-normalized yields are extracted in event classes based on the multiplicity at mid- and for-
ward rapidity, and plotted as a function of the self-normalized charged-particle multiplicity nch,mid and
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nch,fwd., i.e. the mean multiplicities Nch,mid and Nch,fwd. in the respective event class divided by the mean
multiplicities in inelastic events 〈Nch,mid〉 and 〈Nch,fwd.〉 :
nch,mid =
Nch,mid
〈Nch,mid〉
, nch,fwd. =
Nch,fwd.
〈Nch,fwd.〉
. (4.2)
The usage of self-normalized quantities facilitates the comparison of results at different collision ener-
gies and in different collision systems. A linear increase of J/ψ production with multiplicity is present if
the self-normalized J/ψ yield is equal to the self-normalized charged-particle multiplicity.
Derived quantities are the double ratios of the J/ψ yield and the charged particle multiplicities:
rJ/ψ, mid =
nJ/ψ
nch,mid
, rJ/ψ, fwd. =
nJ/ψ
nch,fwd.
. (4.3)
Though expressing the same physics as the self-normalized yields, these quantities have the advantage
that, when represented in a plot, the quantitative behavior in the whole analyzed multiplicity range can
be equally well appreciated, e.g. deviations from linearity especially in the low multiplicity region.
With the usage of multiplicity estimators at different pseudorapidities it can be investigated, if the J/ψ
yield depends differently on the charged-particle multiplicity in its vicinity and far away from it. A strong
dependence on the latter hints to an underlying global effect influencing the collision as a whole, while
for the former also local effects are relevant, such as the production inside jets.
Additionally, an auto-correlation between the multiplicity estimator and the J/ψ signal can occur. If
both the J/ψ and the multiplicity are measured in the same pseudorapidity, the decay daughters of
the J/ψ can enter into the multiplicity estimation. If the multiplicity is measured with some gap in
pseudorapidity to the J/ψ, this might not be the case.
4.2 Event Selection
4.2.1 Data samples
For the presented analysis, data from pp collisions taken in 2016 at
p
s = 13TeV are used. With the
selection criteria (see next section) applied, 686 million events are analyzed, of which 528 million are
selected based on the MB trigger condition, and 158 million based on the HM trigger condition.
4.2.2 Collision candidate selection
Collision candidates ("events") are selected when either the MB or the HM trigger condition is ful-
filled in coincidence with the crossing of the beams at the ALICE interaction point. Beam induced and
electromagnetic background is removed with the timing information from the V0 detectors.
Collisions are required to have a reconstructed primary interaction vertex. In order to have the full
detector acceptance available, only collisions are considered that have a displacement of the primary
interaction vertex v t xz within ±10cm of the nominal point in beam direction.
Pileup events, i.e. several collisions reconstructed in one event are rejected from the analysis. For this,
information on the correlation between signals from the V0 and the SPD detectors are used. Additionally,
events are rejected as pileup if a second primary interaction vertex can be reconstructed from the SPD
tracklets with a minimum number of tracklets contributing to the secondary vertex (3 tracklets for low-
multiplicity events, 5 for high-multiplicity) [166].
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4.2.3 High-multiplicity trigger
The performance of the V0 detector used for the HM trigger is varying with time due to ageing effects
in the photomultiplier tubes of the detector. The trigger threshold was adjusted during data taking to
compensate this effect. On average, the trigger threshold corresponds to a value of about five times the
mean deposited energy in minimum bias collisions, though it is not identical for the complete analyzed
data set.
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Figure 4.1.: High-multiplicity trigger onset curve. Mean number of SPD tracklets in |η| < 1 as a function
of the V0 signal for MB and HM-triggered events. HM-triggered events with MV0 < MV0, min
are rejected in the analysis.
The deposited energy in the V0 detectors can be converted into an estimator for the particle multiplicity
in this region, the V0 signal MV0 [160]. Fig. 4.1 shows the mean number of SPD tracklets 〈Ntrk〉 in |η|< 1
per collision as a function of the MV0 both for MB and HM-triggered events. For this figure a subset of
the data sample with a constant setting of the HM trigger-threshold was chosen. 〈Ntrk〉 increases with the
MV0. For HM-triggered events just above the trigger threshold — i.e. at values between approximately
MV0 = 480 and 510 — the average number of SPD tracklets is much lower than in MB-triggered events.
The value increases rapidly with MV0. From MV0 = 510 on the two trigger classes are in agreement with
each other. The region below MV0 = 510 is the trigger onset curve. Events with an unusual event topology
(higher than usual multiplicity at forward rapidity compared to mid-rapidity) are preferred. This might
be caused e.g. by a displaced primary vertex. Events in this region are rejected from the analysis, i.e. for
HM-triggered events, a minimum V0 signal MV0, min is required, as indicated by the green vertical line in
Fig. 4.1. The value of MV0, min is adapted to the different settings of the HM trigger threshold.
4.3 Monte Carlo simulations
Monte Carlo simulations were used in order to estimate the trigger efficiency of the analyzed ex-
perimental data and the relationship between the multiplicity estimator and the true charged particle
multiplicities.
Proton-proton collisions were simulated with the EPOS-LHC event generator [175]. Compared to
the full EPOS3 model (cf. section 2.2.4), instead of a full hydrodynamic evolution of the core, a fast
covariant approach is used. The model has proven to provide good descriptions of various experimental
data of the LHC experiments, especially for the charged-particle multiplicity in wide multiplicity and
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pseudorapidity ranges [34, 35, 176]. The detector was simulated with the GEANT3 package [177], a
framework simulating the passage of particles through detectors and their interactions with it.
In order to determine the J/ψ reconstruction efficiency, an enhanced Monte Carlo sample was used.
Inelastic proton-proton collisions were simulated with the PYTHIA8 event generator [178]. In each
event, an additional J/ψ particle was injected and forced to decay in the dielectron decay channel.
The emission of internal bremsstrahlung in the decay was handled by the PHOTOS Monte Carlo QED
package [179]. The detector was simulated with the GEANT3 package [177] also in this case.
4.4 Event normalization
The results presented in this thesis are normalized to inelastic collisions. The efficiency for an event to
pass the selection criteria, i.e. fulfill the trigger condition and have a reconstructed primary vertex with
|v t xz| < 10cm are multiplicity dependent. The events used in the analysis have to be corrected for the
ones not selected in order to not bias the results. The trigger efficiency εtrigger is estimated based on the
Monte Carlo simulation. The vertex reconstruction efficiency of triggered events εvertex is determined
from a data-based approach. The events are corrected by applying a multiplicity dependent weighting
factor w = 1εtriggerεvertex to the selected events to compensate for those that were not selected. For the
efficiency of non-pileup events to pass the pileup rejection no multiplicity dependence is expected.
4.4.1 Trigger efficiency
Since the trigger requirement is defined as a coincidence between a signal in the V0A and the V0C
detectors, the trigger efficiency is essentially 100 % for events which have both a V0A and V0C mul-
tiplicity above a certain threshold. If the signal in one of the two detectors is very small, the trigger
efficiency is smaller. This fact is illustrated in Fig. 4.2 (left). It shows the trigger efficiency — obtained
from the Monte Carlo simulations — as a function of the signal in the V0A and the V0C detectors.
If both signals are above approximately one, the trigger efficiency is close to 100 %, if either one is
smaller, the efficiency drops rapidly. In Fig. 4.2 (right) this 2 dimensional trigger efficiency dependence
is projected on one dimension by plotting it against the minimum of the V0A and the V0C multiplicity
V0min =min(MV0A, MV0C). The trigger efficiency first increases steeply up to 90 % up to a multiplicity of
about one, then the increase flattens until around a multiplicity of about two almost 100 % is reached.
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Figure 4.2.:MB trigger efficiency as a function of the signal in the V0A and V0C detectors from EPOS-
LHC Monte Carlo simulation. Left: 2 dimensional dependence of the trigger efficiency on the
two multiplicities; right: trigger efficiency as a function of the minimum of the V0A and V0C
signal.
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In order to correct for the trigger efficiency, events are given a weight 1/εtrigger(V0min) depending on
their value of V0min. For this weighting procedure the efficiency is calculated in wider bins of V0min, as
indicated in the figure. This is done to take into account that the exact shape of the trigger onset might
not be described correctly in the simulation.
4.4.2 Vertex finding efficiency
The probability that a triggered collision has a reconstructed primary interaction vertex can be esti-
mated in a data-driven way. In the region |v t xz| < 10 cm the full detector acceptance is available, and
the vertex reconstruction efficiency is independent of v t xz. The distribution of v t xz is therefore unbi-
ased and follows a Gauss function, as is illustrated in Fig. 4.3 (left). It shows the distribution of v t xz
for selected collision candidates in the analysis, together with a fit of a Gaussian function to the distri-
bution. By integrating the Gauss function from v t xz = −∞ to v t xz =∞ and dividing the integral by
the number of triggered events without the vertex reconstruction requirement, the vertex reconstruction
efficiency εvertex is obtained.
To obtain the multiplicity dependence of this efficiency, the events are classified based on their number
of tracks that passed the ITS refit step in the tracking NITS refit (cf. section 3.6). The described vertex
efficiency determination is then performed in these event classes. The usual mid-rapidity multiplicity
estimator — the number of SPD tracklets Ntrk— could not be used in this case, since the SPD efficiency
is v t xz dependent. For events with a very low Ntrk the v t xz distribution is biased and not Gaussian
anymore, so the described procedure cannot be applied. Fig. 4.3 (right) shows the vertex reconstruction
efficiency as a function of NITS refit. For events with NITS refit ¦ 5, the vertex finding efficiency is close to
100 %, for lower multiplicities it decreases with decreasing NITS refit, down to 45 % for events with less
than 3 tracks.
Based on their number of NITS refit, the events in the analysis are weighted with a factor
1/εvertex(NITS refit). Since the vertex finding efficiency is obtained for triggered events, the efficiency
for an event to be selected in the analysis can be calculated from the sum of the trigger and the vertex
finding efficiency, and the full weighting factor becomes w= 1/
 
εtrigger(V0min) · εvertex(NITS refit)

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Figure 4.3.: Left: Distribution of the z coordinate of the primary interaction vertex of events selected for
the analysis. Right: Vertex finding efficiency as a function of number of tracks with ITS refit
flag.
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4.5 Multiplicity Estimation
The necessary corrections to convert the detector quantities to the multiplicity estimators will be de-
scribed.
4.5.1 Mid-rapidity multiplicity
Normalization
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Figure 4.4.: Average number of SPD tracklets in minimum bias collisions as a function of the z-coordinate
of the primary vertex in η intervals (left), and integrated in |η|< 1 (right).
The average number of SPD tracklets Ntrk, raw in a collision is dependent of the z-coordinate of the
primary collision vertex v t xz. This is due to the geometric acceptance of the SPD detector and detector
inefficiencies. Fig. 4.4 (left) shows Ntrk, raw at different pseudorapidities as a function of v t xz. For
collisions at the nominal vertex position (v t xz = 0cm), tracklets can be reconstructed up to |η| < 1.4,
this region shifts towards negative pseudorapidity for v t xz > 0cm and towards positive for v t xz < 0cm.
For events with a vertex displacement |v t xz| > 5cm, tracklets can not be reconstructed in the full
pseudorapidity interval used in the analysis |η| < 1.0. In the figure, bands in the η− v t xz distribution
can be seen with lower average Ntrk, raw. These correspond to SPD regions with reduced efficiency due
to inactive pixels. In Fig. 4.4 (right) Ntrk, raw is integrated over η for |η| < 1, and plotted as a function
of v t xz. The obtained distribution is the result of the described effects. Since the true charged-particle
multiplicity is independent of the position of the primary vertex, this effect has to be corrected in the
estimator: For a given event, Ntrk, raw is scaled by the ratio of a reference number Ntrk, ref and the average
number of SPD tracklets in events with the same v t xz as the event 〈Ntrk(v t xz)〉 to obtain the corrected
number of SPD tracklets:
Ntrk = Ntrk, raw
Ntrk, ref
〈Ntrk, raw(v t xz)〉
(4.4)
As reference number Ntrk, ref, the number of SPD tracklets in the v t xz interval with the highest effi-
ciency is chosen.
In addition to this v t xz effect the detector efficiency might be time dependent due to a dependence
on the experimental conditions during data taking. Depending on the data taking period, the average
number of SPD tracklets in MB-triggered events changes within 1 % of the average value. No correction
is applied for this change.
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Correlation between charged-particle multiplicity at mid-rapidity and number of SPD tracklets
The correlation between the primary charged-particle multiplicity at mid-rapidity Nch,mid and Ntrk can
be estimated from Monte Carlo simulations, including a simulation of the detector response. Fig. 4.5
(left) shows the 2 dimensional probability distribution for a generated inelastic pp collision to have a
certain Nch,mid and Ntrk. Ntrk increases with Nch,mid, but for a given Nch,mid, different Ntrk values are
possible. In Fig. 4.5 (right) the average 〈Ntrk〉 is shown as function of Nch,mid, together with a linear fit
〈Ntrk〉 = a + m · Nch,mid. The fit describes the simulated values well with a slope parameter m = 0.79,
and a small offset a = 0.009. This means the detector exhibits a linear response to the charged-particle
multiplicity, an event with n times the mean Nch,mid will on average be reconstructed with n times the
mean Ntrk, .
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Figure 4.5.: Correlation between charged-particle multiplicity at mid-rapidity and number of SPD track-
lets from Monte Carlo simulation. Left: 2 dimensional probability distribution, right: mean
number of SPD tracklets as a function of charged-particle multiplicity at mid-rapidity.
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Figure 4.6.: Correlation between charged-particle multiplicity at mid-rapidity Nch,mid and number of SPD
tracklets in |η| < 1 Ntrk from Monte Carlo simulation. Left: Mean Nch,mid in events selected
according to Ntrk as a function of Ntrk. Right: Mean ratio of Nch,mid and number Ntrk (α factor)
as a function of Ntrk.
However, by selecting events based on Ntrk, , a selection bias effect is introduced. For a given Nch,mid,
the Ntrk distribution has a certain width. A high Ntrk can result from either a high Nch,mid, or from an
upward fluctuation of Ntrk in an event with an average Nch. As the Nch distribution is steeply falling, this
smearing leads to a reduced selection power for high multiplicities when using Ntrk.
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Fig. 4.6 (left) illustrates this effect: it shows the average Nch,mid as a function of Ntrk for events selected
based on the Ntrk, together with the attempt of a linear fit. From about Ntrk = 50 upwards, the fit
overshoots the points. This means, by selecting events based on Ntrk not the same selective power can be
achieved than by using Nch,mid. Events with n times the mean Ntrk do not have n times the mean Nch,mid.
In data, the true Nch,mid is not available, only the smeared Ntrk, so a correction of the reduced resolution
has to be applied in order to recover the true charged-particle multiplicity.
This effect is further illustrated in Fig. 4.6 (right) which shows the ratio α =
Nch,mid
Ntrk
as a function of
Ntrk. Two regimes are visible: For events with Ntrk < 5, the ratio drops rapidly. The reason can be
understood by consulting Fig. 4.5 (left). The Nch,mid distribution for a given Ntrk is cut off at zero in this
region — there are no events with less than zero charged particles. For this cut distribution, the mean
value is shifted to higher values than for the uncut distribution at higher Ntrk values. Above Ntrk = 5, α
decreases approximately linearly with Ntrk.
The exact correlation between Ntrk and Nch,mid depends on the shape of the multiplicity distribution and
the detector response for a given Nch,mid. To make a realistic estimate of Nch,mid based on the measured
Ntrk, , these information can be used in an unfolding algorithm [16]. For the presented analysis, such a
precision is not necessary, and a rough estimation of the charged-particle multiplicity is sufficient.
The charged-particle multiplicity is estimated with the average Nch,mid for a given Ntrk of an event as
obtained from the Monte Carlo simulation. At Ntrk > 60, the correlation is parametrized with a 2
nd order
polynomial, in order to not suffer from statistical uncertainties of the Monte Carlo sample.
4.5.2 Forward rapidity multiplicity
Normalization
As for the number of SPD tracklets, the average signals in the V0A and the V0A detectors are dependent
on the z-coordinate of the primary collision vertex, due to the change of acceptance in the detectors. The
effect is illustrated in Fig. 4.7: The average V0A signal decreases with increasing v t xz, the V0C signal
increases. The combined signal (V0M), is within 2 % independent of v t xz. Due to the smallness of the
effect, no correction is applied in the presented analysis.
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Figure 4.7.: Average signal in the V0A and V0C detectors and combined value in minimum bias collisions
as a function of the z-coordinate of the primary vertex, scaled to the mean values.
The average V0 signal MV0, raw changes with time. The channels in the detector suffer from radiation
damage, which results in a decrease of their performance with time. The effect amounts to a reduction
of the average MV0, raw with time of up to 40 %. To correct for this effect, the average 〈MV0, raw(t)〉 was
calculated in time intervals. As time intervals, runs were chosen. A run is a time period (time scale
50 4. Analysis
between minutes and hours) of continuous data taking with constant detector conditions. The per-event
MV0, raw was then rescaled by the ratio of a reference value MV0, ref and 〈MV0, raw(t)〉.
MV0 = MV0, raw
MV0, ref
〈MV0, raw(t)〉
(4.5)
As reference value MV0, ref, the average MV0 in the Monte Carlo sample is used.
Correlation between the charged-particle multiplicity at forward rapidity and V0 signal
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Figure 4.8.: Correlation between charged-particle multiplicity at forward rapidity and V0 signal from
Monte Carlo simulation. Left: 2 dimensional probability distribution, right: mean V0 sig-
nal as a function of charged-particle multiplicity at forward rapidity.
Fig. 4.8 (left) shows the 2 dimensional probability distribution for a generated inelastic pp collision
to have a certain charged-particle multiplicity at the V0 rapidity Nch,fwd. and a certain MV0. Compared
to the correlation between the Nch,mid with Ntrk, the distribution is much wider, so for a given Nch,fwd.,
many MV0 are possible. Since the V0 detectors are far away from the primary interaction, their signal is
stronger contaminated by secondary particles, such as daughter particles from weak decays or particles
produced by interactions with the detector material. As for the SPD tracklets, the detector response to
the multiplicity is linear, as shown in Fig. 4.8 (right).
From the wider distribution of MV0 for a given Nch,fwd. follows a stronger selection bias. This is illus-
trated in Fig. 4.9, which shows in the left the mean Nch,fwd. as a function of MV0 for events selected based
on MV0. From a MV0 = 250 onward, the linear fit to the increase is clearly failing. Analogously, the α
factor, shown in Fig. 4.9 (right) varies stronger with multiplicity as in the mid-rapidity case. The Nch,fwd.
estimator is obtained similarly to the mid-rapidity case from this correlation obtained from the Monte
Carlo simulation.
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Figure 4.9.: Correlation between charged-particle multiplicity at forward rapidity Nch,fwd. and V0 signal
MV0 from Monte Carlo simulation. Left: Mean Nch,fwd. in events selected according to MV0 as
a function of MV0. Right: Mean ratio of Nch,fwd. and MV0 (α factor) as a function of MV0.
4.5.3 Multiplicity intervals used in the analysis
The described procedure to obtain the charged-particle multiplicities was applied to the events used in
the analysis. Fig. 4.10 shows the distribution of the multiplicity values at mid-rapidity (top) and forward
rapidity (bottom) for events obtained with the MB and the HM trigger. In HM-triggered events the
average mid-rapidity multiplicity is about 5.1 times the one in MB-triggered events; the average forward
rapidity multiplicity is about 4.8 times the one in MB-triggered events.
The vertical lines indicate the interval limits used for the extraction of the J/ψ signal. Dashed lines
represent the intervals used in the pT-integrated analysis. In the analysis in pT intervals, some intervals
had to be merged due to the lower signal counts, in order to be able to extract a significant signal. The
interval limits are indicated by solid lines.
In the first HM-triggered Nch,fwd. interval the effect of the different settings for the trigger threshold
can be seen by the bumps in the distribution. In the second Nch,fwd. interval, in which the trigger is fully
efficient, the shape of the MB and the HM distribution is identical, the enhancement factor of the HM
events is about 410. For Nch,mid even in the highest multiplicity interval the distributions from the two
trigger classes are different. There is a wide overlap between the two distributions. This makes it possible
to compare the obtained J/ψ yields at the same multiplicity in the different trigger classes. No significant
difference in the extracted observable between the trigger classes was observed. The comparison will
be shown in section 5.3. For Nch,fwd. the HM trigger sets in only in a region in which the number of MB
events is too low to extract a J/ψ signal reliably, so no comparison between the trigger classes can be
performed
The multiplicity values serve as a rough estimator for the analysis, no full description of the actual
charged-particle multiplicity distribution is attempted. One obvious shortcoming is that with the pre-
sented correction method, fractional multiplicity values can occur, whereas in reality they are necessarily
integer. As the Nch intervals used in the analysis have width of 10, 20 or 30 this should not be relevant
though.
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Figure 4.10.: Distribution of the estimated mid- (top) and forward rapidity (bottom) charged-particle
multiplicity in the MB and HM-triggered events used in the analysis. Dashed lines indicate
the limits of the multiplicity intervals used in the pT-integrated analyses, solid lines the one
in the analysis in pT intervals.
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4.6 Track Selection
In order to reconstruct J/ψ particles from their dielectron decay channel, its decay daughters have
to be reconstructed. With the usage of track selection criteria, an efficient reconstruction of tracks from
J/ψ daughter electrons is attempted, at the same time minimizing the contamination with electrons
from other sources, as well as with hadrons and muons. The selection criteria used in this analysis will
be presented in the following, they are summarized in table 4.1.
• Kinematic region Only tracks with an absolute value of pseudorapidity |η| < 0.8 are used in the
analysis in order to have the full radial length in the TPC available and to avoid edge effects.
Tracks are required to have a transverse momentum of at least 1 GeV/c. This requirement reduces
background composed of tracks from electrons from other sources than J/ψ decay. Due to the high
mass of the J/ψ its decay products have typically a high momentum, roughly 85 % of the daughters
have pT > 1 GeV/c, estimated from Monte Carlo simulations. Furthermore, particles are identified
using the energy loss in the TPC. As explained in section 3.7.1, the expected curves of the energy
loss for the different particles cross at specific values of momentum. Around p = 1GeV/c the curve
for protons crosses the ones for electrons. In order to use electrons in this momentum region, the
protons have to be rejected, e.g. with information from the TOF detector, which provides a clear
discrimination between protons and electrons at this momentum. However, the TOF detector was
not present in the complete data period, and its usage requires additional efficiency corrections,
and might introduce a new source of systematic uncertainty. For these reasons it was decided to
rejects tracks with pT < 1 GeV/c from the analysis.
• Track quality criteria For a correct determination of the kinematic and PID quantities of the tracks,
a high tracking quality is required. For this reason, only tracks are used that underwent the final
refitting procedure both in the TPC and ITS (TPC, ITS refit) as explained in section 3.6. Tracks are
required to have at least 70 clusters out of the 159 possible in the TPC. A χ2 per cluster from the
track reconstruction procedure smaller than 4 is required. In the ITS, tracks are required to have
at least 3 clusters out of possible 6.
Table 4.1.: Track selection criteria used in the analysis.
Quantity Selection criterion
Pseudorapidity |η|< 0.8
Transverse momentum pT > 1 GeV/c
Impact parameter (transverse direction) |dcax y |< 1 cm
Impact parameter (longitudinal direction) |dcaz|< 3 cm
Kink topologies daughters rejected
TPC refit required
ITS refit required
Number of TPC clusters Ncls.TPC > 70
Tracking quality χ2/Ncls.TPC < 4
Number of ITS clusters Ncls.ITS ≥ 3
Hit in SPD required in at least one layer
Electron inclusion -2 < nσTPC,e < 3
Proton exclusion nσTPC,p > 3.5
Pion exclusion nσTPC,pi > 3
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• Particle identification PID is performed based on the specific energy loss in the TPC, with the
nσTPC,i values as described in section 3.7.1. Candidate tracks are required to have an energy loss
compatible with the one expected for electrons within 2σ towards lower values and 3σ towards
higher values: −2 < nσTPC,e < 3. The asymmetric selection criterion originates from the fact that
pions suffer at the same transverse momentum a lower energy loss than electrons. By accepting
tracks with too low negative nσTPC,e values, a considerable contamination by pions remains in the
sample. On the other hand, particles suffering a higher energy loss than electrons at the same
pT for pT > 1GeV/c are deuterons and heavier nuclei, of which orders of magnitude fewer are
produced, so contamination by them is negligible. To further reduce hadronic background, tracks
with an energy loss within 3σ of the pion expectation, or 3.5σ of the proton expectation are also
excluded. From Fig. 3.4 is can be seen, that by these criteria, kaons are already implicitly excluded
from the analysis, as their specific energy loss is below the one of protons. Fig. 4.11 shows for the
tracks selected in the analysis the nσTPC,e as a function of the track momentum p. The curvature at
low p originates from the proton exclusion, the pion exclusion has the effect of the "cut-off corner"
at lower nσTPC,e at high p.
• Secondary rejection Several further criteria are applied in order to reduce contamination from
secondary particles. A hit in one of the first two layers of the ITS is required. The distance of
closest approach of each track to the primary vertex is required to be less than 1 cm in radial
direction and 3 cm in z-direction. Daughter tracks from kink topologies are rejected. To further
reject electrons from low-mass sources, such as photon conversions in the detector material and
partially reconstructed pi0 Dalitz decays, a prefilter technique is applied. Details on it will be given
in section 4.8.
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Figure 4.11.: Distribution of the momentum and nσTPC,e values of the tracks selected in the analysis.
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4.7 Efficiency correction
The track selection criteria presented in the last section, as well as other steps of the analysis have
a certain efficiency. Since the presented observable is self-normalized, no full efficiency correction is
necessary. However, the dependence of the reconstruction efficiency on the charged-particle multiplicity
has to be corrected. Furthermore, the dependence on the pT of the J/ψ can lead to a multiplicity
dependence, if the pT shape of J/ψ changes with multiplicity, so it also has to be corrected.
For the efficiency correction a weighting procedure is applied. The reconstruction efficiency ε(pT, Ntrk)
is determined from the enhanced Monte Carlo simulation including a full detector simulation as a func-
tion of pT and Ntrk. When filling the invariant mass distribution the entries are weighted with a factor
w ∝ ε(pT, Ntrk)−1 proportional to the inverse efficiency. Since only a relative efficiency correction is
necessary, not the full inverse efficiency is used in the weighting, but ε(pT, Ntrk)
−1/〈ε(pT, Ntrk)−1〉, i.e.
the inverse efficiency divided by the inverse average efficiency. This fact has no influence on the result,
as this additional factor cancels out in the self-normalized yields. It merely serves the purpose that in the
invariant mass distributions, the number of entries is close to the real number of reconstructed entries,
which can give a better impression of the statistics.
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Figure 4.12.: J/ψ reconstruction efficiency as a function of the number of SPD tracklets (top) and as a
function of the transverse momentum of the J/ψ (bottom). Besides the total efficiency the
individual efficiencies of the analysis steps are shown.
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In order to reconstruct a J/ψ the requirements listed below have to be fulfilled. The efficiency of
these are plotted in Fig. 4.12 as a function of Ntrk (top) and pT (bottom). Both the total reconstruction
efficiency is shown and the efficiency of the single analysis steps. These are always to be understood as
the probability for a J/ψ that passed the previous requirements passes the next one, so e.g. the tracking
efficiency is calculated for J/ψ that passed the acceptance and kinematics requirement.
• Acceptance. Both daughter particles have to fall into the acceptance of the detector, i.e. |η|< 0.8.
As the opening angle of the daughter particles is dependent on the energy of the mother particle,
the efficiency of this requirement has some pT dependence, as can be seen in Fig. 4.12 (bottom).
In Fig. 4.12 (top), it can also be seen that, though multiplicity independent from multiplicities of
2 onwards, in events with zero or one reconstructed tracklets, the efficiency for this requirement
is much lower. This is an autocorrelation effect: By selecting events, in which a J/ψ is produced
in |y | < 0.8, but which have only one or two SPD tracklets in |η| < 1, it is likely that the decay
daughters did not produce an SPD tracklet because they were produced outside of the detector
acceptance.
• Kinematics. Both daughter particles have to have a transverse momentum of at least 1 GeV/c.
This requirement shows a specific pT dependence related to the kinematics of the decay, but is
independent of multiplicity.
• Tracking. Both tracks have to have left a reconstructed track in the detector, that passes the quality
cuts (TPC, ITS refit, χ2/Ncls.TPC, Ncls. and dca requirements). The efficiency is slightly decreasing
with pT, and independent of multiplicity, except for Ntrk < 2. This is again an autocorrelation
effect: These are events in which a J/ψ is produced and its decay daughters are within |η| < 0.8,
but the number of SPD tacklets in |η| < 1 is below two. It is likely that the J/ψ decay daughters
were produced in a region with inactive pixels in the SPD, which reduces their tracking efficiency.
• SPD hit. Both tracks are required to have a hit in one of the two layers of the SPD. The efficiency
is weakly dependent on the pT of the J/ψ, and independent of multiplicity, except for Ntrk < 2,
another iteration of the known autocorrelation effect.
• PID. Both tracks have to fulfill the particle identification requirements from the TPC. As the pion
and proton exclusion cuts effect the electron sample in a different way depending on the pT of
the track, the efficiency is also dependent on the pT of the J/ψ. No multiplicity dependence is
observed.
• Mass window. The J/ψ are reconstructed by counting the yield in the invariant mass distribution
in a specific invariant mass window. Due to energy loss of the daughter particles in the detector
material or internal bremsstrahlung, it can happen that a too low invariant mass is reconstructed.
In this case, the J/ψ signal is lost. The probability to fall into the mass window shows a slight pT
dependence and no significant multiplicity dependence.
To summarize, most of the requirements of the analysis have a specific pT dependent efficiency associ-
ated to them. The efficiencies are independent of multiplicities up to the highest multiplicity that can be
reached with the available Monte Carlo sample used in the analysis with sufficient statistical precision,
which is around 40 tracklets. From this fact and from the knowledge of earlier analysis in environments
with much higher multiplicities, such as Pb-Pb collisions [111], it is assumed, that no deterioration of
the reconstruction efficiencies at high multiplicities occurs. At very low multiplicities, however, autocor-
relation effects lead to a reduced reconstruction efficiency, which is taken into account and corrected for
in the weighting procedure.
The efficiencies were obtained for inclusive J/ψ, no significant difference between prompt and non-
prompt J/ψ was observed.
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4.8 Low-mass background suppression
Most of the produced electrons and positrons in a pp collision originate from low mass sources, as
becomes evident when looking at the distribution of invariant masses minv of electron-positron pairs, as
shown in Fig. 4.13 (left). Mind the logarithmic scale of the y-axis. These sources include Dalitz decays
of light pseudoscalar mesons, like pi0 → γe+e− (B.R. (1.174± 0.035)% [1]), and electron-positron pair
creation from a photon conversion in the detector material. The conversion probability is pT dependent
and saturates at around 8.5 % for pT ¦ 2 GeV/c [166]. The photons in turn originate predominantly
from decays of light mesons [180], like pi0 → γγ (B.R. (98.823± 0.034)% [1]), pi0 Dalitz decays (see
above), or η→ γγ (B.R. (39.41± 0.20)% [1]).
Electron-positron pairs of higher minv are then to a large extend random combinations of electrons
and positrons from these low mass sources. By excluding tracks from low minv pairs from the analysis,
the background under the J/ψ peak can be reduced. This can be done with a prefilter technique. Tracks
selected for the analysis are paired with associated tracks with less restrictive selection criteria. If a
low-mass pair (i.e. minv < 50MeV/c
2) is found, the corresponding track is removed from the further
analysis. The selection criteria that were released for the associated tracks are:
• Minimal transverse momentum: pT > 0.2 GeV/c instead of 1 GeV/c.
• Wider pseudorapidity window in order to also find pairs at the edges of the acceptance : |η|< 0.9.
• Relaxed PID requirement: −3< nσTPC,e < 3, no proton exclusion cut.
• No hit in any SPD layer required, no requirement on the number of ITS clusters.
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Figure 4.13.: Invariant mass distribution of electron-positron pairs without low-mass rejection (left), and
comparison of the distributions with and without low-mass rejection (right).
Fig. 4.13 (right) shows the effect of the prefilter. The background in the invariant mass region around
the J/ψ peak is reduced considerably. A possible bias can be introduced, as a track from a J/ψ daughter
might randomly form a low minv pair with another track, and thus be removed from the analysis, leading
to a signal loss. This effect was investigated, and it was found that no significant signal loss occurs. The
investigation is presented in section 5.3.
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4.9 Signal Extraction
From the selected pairs of electrons and positrons the invariant mass minv is calculated. Fig. 4.14
shows the minv distribution of J/ψ-candidate dielectron pairs from the presented analysis. Around
minv = 3.1 GeV/c
2 the peak originating from the J/ψ can be identified. At lower invariant masses
two additional peaks are present. They originate from the dielectron decays of vector mesons, the one
at minv = 783 MeV/c
2 from the ω mesons, the one at minv = 1019 MeV/c
2 from the φ mesons at [1].
The J/ψ peak sits on top of a background distribution. To a large part it consist of combinatorial
background by random combinations of uncorrelated electrons. This part of the background can be
modeled with the event-mixing technique: a given electron (positron) track is paired with the positron
(electron) tracks of the other collisions of the analyzed data sample and the invariant mass mEM is
calculated. Any correlation between positrons and electrons of the same collision is not present in tracks
from different collisions. The distribution of mEM is shown in green in Fig. 4.14. In order to compare
the shape to the minv distribution, it has been scaled to the latter in the invariant mass region above
the J/ψ peak 3.2 < minv < 5GeV/c
2. The shape of the mEM distribution qualitatively resembles the
minv distribution. However, the agreement is not perfect, as can be seen by the disagreement at lower
invariant masses.
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Figure 4.14.: Efficiency weighted invariant mass distribution of electron-positron pairs, together with
background estimated by the event-mixing, like-sign and track-rotation methods.
This simple event-mixing method does not take into account the shape of the events in pp collisions.
The invariant mass of electron-positron pairs can be approximated by the formula for massless particles:
m2
inv
≈ 2pT1pT2 (cosh(∆η)− cos(∆ϕ)) (4.6)
with pT1,2 the transverse momenta of the daughter particles, ∆η = η2 − η1 the difference in pseudo-
rapidity, and ∆ϕ = ϕ2 −ϕ1 the opening angle in the azimuth.
With the event-mixing technique, the tracks are randomly oriented towards each other. The tracks
of a single event on the other hand can be oriented either more or less isotropically. Especially high-
momentum particles are typically produced inside jets, so they are close in η and ϕ. Also, in the analysis
events of very different particle multiplicities are used, which can have very different event topologies.
In addition, the η distributions can be different for events with different v t xz due to acceptance effects
in the detector.
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Figure 4.15.: Efficiency weighted invariant mass distribution of electron-positron pairs, compared to
background estimated from the different discussed methods. Left: pT < 2GeV/c, right:
pT > 4GeV/c.
To take these different event topologies into account, the mixed-event technique can be refined by
mixing only events with similar global properties, e.g. with similar v t xz, or similar particle multiplicities.
Another way is the usage of the track-rotation technique. One of the tracks of a dielectron pair from the
same event is rotated by a random angle in azimuth. The correlation in ϕ gets destroyed, whereas the
event shape in η is maintained. The procedure can be repeated to obtain more pairs and reduce the
statistical uncertainty. The track-rotated invariant mass distribution mTR is shown in Fig. 4.14 in blue.
Compared to the event-mixing technique, the track-rotation method better describes the shape of the
minv distribution. In the mass region above the J/ψ peak mTR was scaled to the minv distribution, here
the distributions agree well with each other. In the mass region below the peak the mTR distribution is
consistently beneath the minv distribution.
Even closer to the minv distribution should be the like-sign distribution mLS: electrons are paired with
electrons and positrons with positrons from the same event. The event-shape effect on the invariant
mass distribution is the same as for opposite-sign pairs. Fig. 4.14 shows the mLS distribution in red. The
distribution is closer to the minv distribution then the other estimators. The remaining difference is due
to correlated background. In the invariant mass region around the J/ψ peak, this is mainly due to heavy
quark pairs cc¯ → e+e− and bb¯ → e+e−, via semileptonic decays of pairs of open charm and open beauty
hadrons [181].
Fig. 4.15 shows the minv distribution together with the various methods to describe the background for
low-pT (pT < 2GeV/c) and high-pT (pT > 4GeV/c) dielectron pairs. The overall shape is very different
in the two transverse momentum regions. For low pT pairs (left), the distributions from the like-sign
and track-rotation method are in good agreement with minv in the whole invariant mass region, the one
from event-mixing is not. At high pT (right), all the background estimators underestimated the minv
distribution at lower invariant masses. This hints to the fact, that the contribution to the background
from correlated heavy quarks is more relevant at high pT, as is expected.
To take into account the remaining correlated background, the ratio between the minv and the mTR
was calculated and fitted with an exponentially decreasing function f (minv) = a ·exp(−bminv) with a and
b parameters of the fit. The functional shape was chosen in order to reflect the shape of the correlated
background, cf. [181]. The fit was performed in an invariant mass region 1.5 < minv < 4.5 GeV/c
2,
excluding the region around the J/ψ peak 2.2 < minv < 3.2 GeV/c
2. The mTR distribution was then
scaled with the obtained function and used to describe the background in the minv distribution.
Fig. 4.16 shows on top the candidate invariant mass distribution together with the background esti-
mate, and for comparison the distribution from the track-rotation method as estimate of the combinato-
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Figure 4.16.: Top: Efficiency weighted invariant mass distribution of electron-positron pairs, together
with background estimation. Also shown is the combinatorial background contribution
from the track-rotation method. Bottom: J/ψ signal after background subtraction. Plot-
ted for comparison is the line shape as expected from the Monte Carlo simulation.
rial part of the background. The background is well described by the estimate. To extract the signal, the
background estimate is subtracted from the minv distribution, as shown in Fig. 4.16 (bottom).
The peak of the J/ψ is asymmetric. The tail towards lower masses is caused by internal and external
bremsstrahlung. The former refers to QED corrections in the J/ψ decay, such as J/ψ→ e+e+γ (B.R. =
8.8±1.4×10−3 for Eγ > 100 MeV [1]), and higher orders processes. The latter refers to bremsstrahlung
of the decay electrons from interactions with the detector material.
In these cases, the invariant mass from the electron and the positron is lower than the mass of the
J/ψ, since the energy carried by the photons is not taken into account. The expected shape of the signal
is shown in Fig. 4.16 (bottom) with the black solid line. It shows the reconstructed mass for simulated
J/ψ from the Monte Carlo sample. The agreement to the signal obtained in the data is good, the χ2 per
number of degrees of freedom nd f between the expected and the observed line shape is 1.5.
The signal is obtained by counting the entries in the invariant mass region 2.92 GeV/c2 < me+e− <
3.16GeV/c2. This mass window is illustrated in the figure by the dashed green vertical lines. A to-
tal multiplicity and pT-integrated signal count of S = 2640 ± 88 is obtained. The uncertainty on the
signal consists of the statistical uncertainty from the entries in the minv distributions, and the uncer-
tainty from the scaling of the background estimate as obtained from the fit procedure. The signal-over-
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background ratio S/B = 0.52 ± 0.02 can be calculated from the obtained signal S and the integrated
estimated background B in the mass window were the signal is counted. The significance of the signal
Signi f . = 30.1 ± 0.8 was calculated as Signi f . = Sp
S+B
. This simplified formula neglects the uncer-
tainty of the background (which is small), and the fact, that S and B do not represent pure counts,
but efficiency-weighted entries. However, since the applied weighting factor is normalized to its mean
value the actually applied weightings are close to unity. The given significance value is thus a reasonable
approximation for the true statistical significance of the signal.
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Figure 4.17.: Efficiency weighted invariant mass distribution (top) of electron-positron pairs, together
with background estimation; J/ψ signal after background subtraction (bottom). Pairs with
pT < 4GeV/c (left), and pT > 4GeV/c (right).
For the analysis in pT intervals, the signal extractions was performed for dielectron pairs with
pT < 4 GeV/c and with pT > 4 GeV/c. The invariant mass distribution and signal extraction in these
pT intervals is shown in Fig. 4.17; low pT on the left, high pT on the right. The background is well
described, the difference to the pure combinatorial part is stronger for high-pT pairs. The signal over
background ratio is more than 4 times as high at high pT compared to low pT; the extracted signal agrees
with the line shape from Monte Carlo with a χ2/nd f = 1.5 for low pT and χ
2/nd f = 0.7 for high pT.
The described signal extraction is performed in events selected in intervals of charged-particle
multiplicity at mid- or forward rapidity, as defined in section 4.5. Fig. 4.18 shows as examples the signal
extraction in the lowest (left) and highest (right) mid-rapidity multiplicity interval. The background is
much lower in the low multiplicity interval (S/B = 4.56± 0.62) compared to the multiplicity-integrated
signal extraction, and slightly higher in the high multiplicity interval (S/B = 0.42±0.07). The line shape
is in good agreement with the expectation from Monte Carlo in both cases with χ2/nd f = 1.2 and 1.0,
respectively.
The performance of the signal extraction in the multiplicity intervals is illustrated in Fig. 4.19 and
Fig. 4.20. It shows for the pT-integrated analysis as a function of the mid-rapidity multiplicity the raw
J/ψ signal count (Fig. 4.19, left), the signal-over-background ratio (Fig. 4.19, right), the significance of
the signal (Fig. 4.20, left), and the χ2/nd f between the extracted signal and the scaled line shape from
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Figure 4.18.: Efficiency weighted invariant mass distribution (top) of electron-positron pairs, together
with background estimation; J/ψ signal after background subtraction (bottom). Lowest
(left) and highest (right) mid-rapidity multiplicity interval used in the analysis.
Monte Carlo simulations (Fig. 4.20, right). The horizontal error bars represent the width of the multi-
plicity intervals. The data points themselves are positioned at the mean charged-particle multiplicity in
the intervals.
With increasing charged-particle multiplicity the background increases, resulting in a decreasing
signal-over-background ratio. The significance is above six in all multiplicity intervals, so a signifi-
cant signal extraction has been possible in all intervals. The line shape is agreeing reasonably well with
the expectation from Monte Carlo with a χ2/nd f between 0.9 and 1.8. The corresponding plots for the
signal extraction as a function of Nch,fwd., as well as the ones in pT intervals can be found in appendix A.
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Figure 4.19.: Performance of the pT-integrated signal extraction as a function of Nch,mid. Left: Raw (effi-
ciency corrected) signal count; Right: Signal-over-background ratio.
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5 Systematic Uncertainty Estimation
The presented analysis might suffer from systematic biases arising from the underlying assumptions
that were used within it. Possible causes are disagreements between the true values and the values
estimated from Monte Carlo simulations on
• the pT and multiplicity dependence of the J/ψ reconstruction efficiency
• the multiplicity dependence of the minimum bias trigger efficiency
• the relation between the charged-particle multiplicity and the estimators from the detectors.
Furthermore, the extraction of the J/ψ yield from the invariant mass distribution might be biased, e.g.
through an inaccurate description of the background in the signal region. This bias can be multiplicity
dependent and thus distort the results. Possible additional biases arise from a disagreement between the
event properties of MB and HM-triggered events and from a possible signal loss caused by the low-mass
pair rejection.
An estimation of the systematic uncertainties of the analysis from these effects is presented in this
chapter.
5.1 Uncertainty on the charged-particle multiplicity
The uncertainty on the self-normalized charged-particle multiplicity nch arises from the assumptions
made in the analysis on the multiplicity dependence of the trigger efficiency and on the correlation
between the true charged-particle multiplicities and the detector quantities. These values were deter-
mined from Monte Carlo simulations using the EPOS-LHC events generator and modeling the ALICE
detector with the GEANT3 framework.
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Figure 5.1.: Trigger efficiency as a function of the minimum of the V0A and V0C signal fromMonte Carlo
simulations using the EPOS-LHC event generator (default) and the PYTHIA8 event generator
(variation to determine uncertainty).
65
trkN
0 20 40 60 80 100 120
trk
N/〉
ch
, m
id
N〈
1.1
1.2
1.3
1.4
1.5
1.6
EPOS-LHC
PYTHIA8
MC simulation
 = 13 TeVspp 
V0M
0 100 200 300 400 500 600 700 800
V0
M/〉
ch
, f
wd
.
N〈
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
EPOS-LHC
PYTHIA8
MC simulation
 = 13 TeVspp 
Figure 5.2.: Ratio α between charged-particle multiplicity and multiplicity estimator, as function of the
value of the estimator, from Monte Carlo simulations based on the EPOS-LHC and PYTHIA8
event generators. Left: Multiplicity at mid-rapidity, number of SPD tracklets; Right: Multiplic-
ity in the V0 acceptance, V0 signal.
To estimate the uncertainty on these values, the PYTHIA8 event generator was used as an alterna-
tive. The differences between the two estimators were then propagated to the relative charged particle
multiplicity values and used as systematic uncertainties.
The choice of the EPOS-LHC event generator as default, and PYTHIA8 as variation was done because of
the better description by EPOS-LHC of multiplicity distributions in various rapidity ranges in pp collisions
at the LHC in previous analyses [34,35,176]. However it is not guaranteed that the multiplicities both at
mid and forward rapidity are correctly described up to the high multiplicity values used in the presented
analysis. For this reason, the disagreement between the models was chosen for the systematic uncertainty
estimation.
Fig. 5.1 shows the minimum bias trigger efficiency as a function of the minimum of the signals in
the V0A and the V0C detectors, estimated with the EPOS-LHC and the PYTHIA8 event generator. The
onset curve is slightly slower for the PYTHIA8 event generator. Since the detector description is similar
in both Monte Carlo samples, the reason for the difference is probably a difference in the correlation
of the particles multiplicities in the V0A and the V0C acceptance. The trigger efficiency in the lowest
multiplicity interval used for the weighting of the events is about 10 % lower in the PYTHIA8 Monte
Carlo sample, in the higher intervals it is anyway close to 100 %, regardless of the generator used.
In Fig. 5.2 (left), the α factor, i.e. the ratio between the charged-particle multiplicity and the multiplic-
ity estimator is shown for mid-rapidity, calculated with the two different Monte Carlo simulators. The
models disagree slightly at very low and high multiplicities. The reason is the different multiplicity distri-
bution in the generators, which leads to different strengths of the selection bias. At forward rapidity, the
width of the distribution of the estimator values for a given charged-particle multiplicity is wider than at
mid-rapidity. A difference in the underlying multiplicity distribution from the different generators results
in a stronger change in the α factors, as shown Fig. 5.2 (right).
The described uncertainties were propagated to nch in the multiplicity intervals. It was calcu-
lated, what would be the mean nch of this interval when using the PYTHIA8 simulation instead of
the default EPOS-LHC for the determination of the trigger efficiency or of the α factor. The abso-
lute value of the difference was used as systematic uncertainty (symmetrically both towards higher
and lower values) in the multiplicity interval i. So, the trigger efficiency uncertainty is ∆trigger =nch, default − nch, trig. eff. from PYTHIA, the uncertainty from the α factor ∆α = nch, default − nch, α from PYTHIA.
The two uncertainties were regarded as independent, and the total uncertainty calculated as the square
root of the sum of the uncertainties squared:
∆mult =
Ç
∆
2
trigger +∆
2
α
. (5.1)
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Figure 5.3.: Relative systematic uncertainty on the self-normalized multiplicity at mid-rapidity (top), and
at forward rapidity (bottom), as function of the multiplicity interval. Uncertainty due to
trigger efficiency, α factor, and total uncertainty as combination of the two.
In Fig. 5.3 the relative systematic uncertainties on nch— the systematic uncertainty divided by the
default nch in the interval — are plotted as a function of nch. The multiplicity intervals of the pT-
integrated analyses were used. The top panel shows the mid-rapidity multiplicity, the bottom panel the
forward rapidity one. The uncertainty from the trigger efficiency, from the α factor, and the combined
value are shown.
The trigger efficiency enters the nch twice: it affects the average multiplicity of all inelastic collisions
(denominator), and the average multiplicity in the multiplicity interval (numerator). The trigger effi-
ciency is different from 100 % only for low multiplicity events however. This means, for all multiplicity
intervals expect the lowest ones, only the denominator is affected by the uncertainty of the trigger. The
uncertainty is thus constant at around 1.6 % for all multiplicity intervals except the lowest. In the lowest
intervals, the effect in the numerator and the denominator partially cancel, so the uncertainty is lower.
The uncertainty from the α factor grows with increasing multiplicity. For the nch,mid, it is below the
uncertainty from the trigger efficiency — with exception of the highest interval, where they are of equal
size. For nch,fwd., it dominates the uncertainty from the seventh interval onwards and reaches a value of
7 % in the highest interval.
The total uncertainty on nch,mid is below 2 % in all multiplicity intervals, except the highest, where it
is slightly above. For nch,fwd. the total uncertainty is relatively constant in the first five intervals, where
the trigger efficiency uncertainty dominates. At the higher intervals it increases with multiplicity, in the
highest interval it is slightly above 7 %.
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5.2 Uncertainty on the J/ψ yield
Table 5.1.: Settings for track selection. Default values used in the analysis and variations to estimate
systematic uncertainties.
Quantity Default value, variations
Pseudorapidity |η|< 0.7, 0.75, 0.8, 0.85, 0.9
Transverse momentum pT > 0.8, 0.9, 1.0, 1.1, 1.2 GeV/c
Impact parameter (transverse direction) |dcax y |< 0.2, 0.5, 1.0, 3.0 cm
Impact parameter (longitudinal direction) |dcaz|< 1.0, 2.0, 3.0, 5.0 cm
Kink topologies rejected, accepted
Number of TPC clusters Ncls.TPC > 50, 70, 80, 90
Tracking quality χ2/Ncls.TPC < 2.5, 3.0, 4.0, 10.0
Number of ITS clusters Ncls.ITS ≥ 2, 3, 4
Hit requirement in SPD any layer, first layer
Electron inclusion lower limit nσTPC,e > −2.5, −2.25, −2.0, −1.75, −1.5
Electron inclusion upper limit nσTPC,e < 2.5, 2.75, 3.0, 3.25, 3.5
Proton exclusion nσTPC,p > 3.0, 3.25, 3.5, 3.75, 4.0
Pion exclusion nσTPC,pi > 2.5, 2.75, 3.0, 3.25, 3.5
The calculation of the self-normalized J/ψ yield nJ/ψ at a specific multiplicity relies on the fact that
the multiplicity and pT dependence of the reconstruction efficiency is correctly described in Monte Carlo.
In order to test the agreement of the reconstruction efficiency between the experimental data and the
Monte Carlo simulation, variations of the selection criteria for the J/ψ daughter tracks are used. They
are varied around their default values and the analysis is performed with these modified settings. Table
5.1 lists the track selection criteria used in the analysis, and the variations investigated. Where possible
and sensible, two more and two less restrictive settings are used, e.g. for the PID settings and the
minimum pT. Some selection criteria used in the analysis are already very inclusive, e.g. the minimum
number of required TPC clusters, or the maximum χ2/Ncls.TPC of the tracking. In these cases only one
less restrictive setting is tested, and two more restrictive ones. The TPC and ITS refit requirements can
not be dropped, as they are vital for a sufficiently high track quality to extract a signal. From the ITS
refit requirement implicitly a minimum requirement two ITS clusters follows. A requirement of four ITS
clusters is used as more restrictive setting. A requirement of five or six clusters rejects too many tracks,
increasing the statistical uncertainty too much as to extract the J/ψ signal reliably.
The requirement to have a hit in one of the SPD layers is vital for the analysis. Without it there is
too much contamination with secondaries to perform a reliable signal extraction in all intervals. As a
more restrictive variation, a hit in the first SPD layer is required. This requirement is the most restrictive
one investigated, reducing the J/ψ yield by about one third. In the default analysis, tracks from kink
topologies are rejected, as a variation they are kept in.
The rapidity in which the J/ψ is extracted, and the pseudorapidity range of the daughter particles is
also varied from |y |< 0.8 to two narrower and two wider values in steps of 0.05.
Fig. 5.4 demonstrates the effect of the described variations for one multiplicity interval. The lowest
nch,mid interval has been chosen, since it has the highest relative uncertainty from the track selection
criteria.
In the top panel of Fig. 5.4 the self-normalized J/ψ yield nJ/ψ is shown for the default analysis in
the first bin, and for the analysis with the varied track selection settings in the other bins. The vertical
error bars indicate the statistical uncertainties. The horizontal solid line shows the value of nJ/ψ with
the default settings; the dashed lines show the lower and upper statistical uncertainty on it. For most of
the variations, nJ/ψ fluctuates slightly around the default value. Some variations, such as the nσp > 3.0
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Figure 5.4.: Top: Self-normalized J/ψ yield in the lowest nch,mid interval for default settings (first bin),
and varied selection settings for the J/ψ daughter particle tracks. The solid line represents
the default yield, the dashed line the default statistical uncertainty. The last bin shows the
mean and RMS of nJ/ψ for significant variations. Bottom: Difference to the default yield,
normalized to the square root of the difference of the squared uncertainties. Variations with
(without) a significant difference are marked in red (blue).
requirement, or the more restrictive ITS requirements, seem to show a significant deviation from the
default nJ/ψ. In order to estimate quantitatively if a difference is significant the Barlow criterion [182]
is used. According to it, a variation is significant if the difference to the default value is larger than the
square root of the difference of the squared statistical uncertainties:
yvariation − ydefault >
q
σ2variation −σ2default. (5.2)
In the bottom of Fig. 5.4, this difference to the default yield, divided by
q
σ2variation −σ2default is shown.
An absolute value larger than one of this normalized difference indicates a significant variation. Here
and in the top of the figure, the significant variations are plotted in red, the non-significant ones in
blue. From the distribution of nJ/ψ for the settings with significant variations, the mean and the RMS is
calculated. The value of nJ/ψ in last bin in Fig. 5.4 (top) shows the mean of this distribution, the error
bar indicates the RMS. The RMS is assigned as systematic uncertainty from the track selection ∆tracks.
Table 5.2.: Settings for the signal extraction. Default values used in the analysis and variations to estimate
systematic uncertainties.
Quantity Default value, variations
Fit of residual background exponential, 2nd order polynomial, 3rd order polynomial
Fit range lower limit 1.2,1.5, 2.0 GeV/c2
Fit range upper limit 4.0,4.5, 5.0 GeV/c2
Signal extraction interval counting, MC line shape, Crystal Ball function
Signal extraction window lower limit 2.88,2.92, 2.96 GeV/c2
Signal extraction window upper limit 3.12,3.16, 3.20 GeV/c2
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An additional source of systematic uncertainty is the signal extraction from the invariant mass distribu-
tion. It relies on a correct description of the background in the minv region where the signal is extracted.
The overall method of signal extraction is not changed for the systematic uncertainty estimation. How-
ever, the exact settings were varied as listed in table 5.2. The assumed shape of the residual background
is changed from an exponential function to a 2nd and a 3rd order polynomial. The lower and upper limits
of the minv range used in the fit are independently varied to lower and higher values, likewise the limits
of the minv window in which the signal is counted. Additionally two different methods to extract the sig-
nal are examined: In the first alternative method the shape of the reconstructed signal from the Monte
Carlo simulation is used as a template and scaled to the signal from data by minimizing the χ2/nd f .
The signal is then extracted by integrating the Monte Carlo peak shape in the same minv window as is
used in the counting method. In the second alternative method, the signal is fitted with a Crystal Ball
function and the signal extracted as the integral of the function in the default minv window. The Crystal
Ball function is a continuous combination of a Gauss function describing the detector resolution with a
powerlaw tail at lower minv:
f (minv)minv,α,n,σ,N = N
¨
exp(−m22 ), for m> −α
a (b−m)−n , otherwise (5.3)
with m= minv−minvσ , a =

n
|α|
n · exp(−α22 ), and b = n|α| − |α|.
minv, α, n, σ, and N are the parameters of the fit, with minv denoting the position of the peak.
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Figure 5.5.: Top: Self-normalized J/ψ yield in the highest nch,mid interval for default settings (first bin),
and varied signal extraction settings. The solid line represents the default yield, the dashed
line the default statistical uncertainty. The last bin shows the mean and RMS of nJ/ψ for sig-
nificant variations. Bottom: Difference to the default yield, normalized to the square root of
the difference of the squared uncertainties. Variations with (without) a significant difference
are marked in red (blue).
Fig. 5.5 shows nJ/ψ in the highest nch,mid interval for the default signal extraction method and the ones
with varied parameters. This multiplicity interval was chosen, because it has among the highest relative
systematic uncertainties from the signal extraction. Especially the usage of different fit functions for the
residual background results in a significantly differently nJ/ψ. As for the track selection variations, the
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RMS of the distribution of nJ/ψ for significant variations is used as estimate for the systematic uncertainty
from the signal extraction ∆signal.
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Figure 5.6.: Relative systematic uncertainty on the self-normalized J/ψ yield as a function of the multi-
plicity interval at mid-rapidity (top) and at forward rapidity (bottom). Uncertainty due to the
track selection, the signal extraction, and the total systematic uncertainty as combination of
the two. Statistical uncertainty shown for comparison.
The two uncertainties were regarded as independent, and the total uncertainty calculated as the square
root of the sum of the two uncertainties squared:
∆yield =
Ç
∆
2
tracks +∆
2
signal. (5.4)
Fig. 5.6 shows the relative systematic uncertainties on the J/ψ yield from the track selection and the
signal extraction, as well as the combined value as function of multiplicity. In the top panel it is shown
for the nch,mid intervals, in the bottom panel for the nch,fwd. ones. Both sources of uncertainty are of
comparable size. ∆tracks is fluctuating around 5 %. In the lowest nch,mid interval it is higher, mainly due
to the uncertainty from the ITS requirements as was demonstrated before. ∆signal is close to the one from
the track selection in all intervals, except for the three highest nch,mid, where it is higher, around 11 %.
For comparison, also the statistical uncertainty is displayed in Fig. 5.6. For all multiplicity intervals,
both at mid- and forward rapidity, the systematic uncertainty is slightly smaller then the statistical one.
An exception are the respective lowest intervals, where it is higher. The combined relative systematic
uncertainty is slightly decreasing as a function of nch,fwd., in the highest intervals it is around 5 %. In
these intervals the uncertainties on the multiplicity (around 7 %) is dominating over the one from the
J/ψ yield, whereas for all others the latter one is larger. A better understanding of the charged-particle
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multiplicity in the V0 at very high relative values is thus necessary for future analyses. The discussion of
the systematic uncertainties of the pT-differential results can be found in appendix B.
5.3 Additional checks for possible biases
The usage of two different trigger classes might introduce a bias in the results, as the collision candi-
dates from the different trigger classes can have different properties. As was mentioned in section 4.2,
for the HM trigger, events lying in the trigger onset curve are excluded from the analysis, as there the
correlation between Nch,mid and Nch,fwd. is very different from the one in MB-triggered events. From
Fig. 4.10 (bottom) it is furthermore evident that the Nch,mid distribution in HM-triggered events has a
very different shape than the one in MB-triggered events.
In order to investigate a possible influence on the presented results, the multiplicity dependent J/ψ
yield can be calculated separately for MB and HM-triggered events. As shown in Fig. 4.10 (top), for
nch,mid the multiplicity distributions for the two trigger classes have a wide overlap. The comparison is
presented in Fig. 5.7. In the multiplicity range 20 < Nch < 90, it is possible to extract the J/ψ yield in
both trigger classes, though with very limited statistics for MB-triggered events above Nch = 60. Within
the statistical uncertainties, the results from the two trigger classes are in agreement with each other.
This indicates that a higher charged-particle multiplicity at forward rapidity has little influence on the
J/ψ yield at mid-rapidity for a given charged-particle multiplicity at mid-rapidity.
A similar comparison of the yield in the different trigger classes as a function of nch,fwd. is not possible,
since in the multiplicity region where the HM trigger sets in, the number of MB-triggered events is too
low for a reliable extraction of the J/ψ yield.
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Figure 5.8.: Effect of different settings for the low-mass rejection. Left: signal over background ratio,
right: extracted J/ψ signal. From left to right the settings get more rejective.
Another possible systematic bias comes from the low-mass rejection via the prefilter. Tracks that form
pairs of low invariant mass — or small opening angle — are excluded from the analysis. By this, also
tracks of J/ψ daughter particles can be excluded, if by chance another track is produced under a small
opening towards them. This can lead to a signal loss, which can be expected to be more pronounced
in high-multiplicity collisions. With more tracks there is a higher statistical chance to have a random
combination of J/ψ daughter tracks with another track fulfilling the prefilter condition.
One could attempt to estimate the strength of this effect from Monte Carlo simulations. This requires
a large sample of a Monte Carlo simulated data with a realistic description of J/ψ production, and its
correlation with the underlying event. The Monte Carlo sample with injected J/ψ signals that is used for
the efficiency estimation does not fulfill the latter requirement. The minimum bias Monte Carlo sample
used to estimate the trigger efficiency and the α factors on the other hand does not contain enough J/ψ
particles to make a statistically relevant investigation. This direction was thus not pursued. In order
to see a possible bias, the analysis is run without the low-mass rejection, and with different settings
for it. Settings are tested with a weaker rejection, i.e. a higher pT of the associated track is required:
pT > 0.4, 0.6, 1.0 GeV/c; the default is pT < 0.2 GeV/c. Also, settings resulting in a stronger rejection are
investigated, i.e. also pairs of higher invariant mass are rejected: minv < 100,150 MeV/c
2; the default is
minv < 50MeV/c
2.
Fig. 5.8 illustrates the effect of the prefilter. In the top panel the signal over background ratio is shown
as a function of the prefilter settings. The bottom panel shows the extracted J/ψ signal. The values
for the second lowest and the second highest nch,mid interval are shown. In the lowest and the highest
multiplicity interval, the signal extraction could not be performed reliably without the low-mass rejection
due to too high statistical uncertainties.
The leftmost bin in the plots corresponds to the analysis without low-mass rejection, with increasing
bin number more pairs are rejected. Lowering the required minimum pT of prefilter tracks results in a
higher signal over background ratio; increasing the rejected invariant mass has no additional effect. For
all settings, the extracted signal is compatible within errors, no general downward trend is recognizable.
From the presented investigation it was concluded that the low-mass rejection does not lead to a
significant signal loss, and thus does not bias the self-normalized J/ψ yield. No systematic uncertainty
has been assigned.
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6 Results and discussion
In this chapter the results of the analysis will be presented, i.e. the self-normalized inclusive J/ψ yield
at mid-rapidity as a function of charged-particle multiplicity at mid- and forward rapidity in transverse-
momentum intervals and pT-integrated. The results will be compared to related analyses, to analytical
functions, and expectations from theoretical models.
6.1 Inclusive J/ψ production at mid-rapidity as a function of charged-particle multiplicity
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Figure 6.1.: Self-normalized inclusive J/ψ yield at mid-rapidity as a function of self-normalized charged-
particle multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV. Error bars indicate the
statistical uncertainty of the J/ψ yield, boxes the systematic uncertainty on the yield and the
charged-particle multiplicity.
Fig. 6.1 shows the self-normalized inclusive J/ψ yield nJ/ψ at |y| < 0.8 as a function of the self-
normalized mid-rapidity charged-particle multiplicity nch,mid in pp collisions at
p
s = 13 TeV. The error
bars indicate the statistical uncertainty of the extracted yield, the boxes the systematic uncertainty on
the yield and the charged-particle multiplicity. For comparison, the expectation for a linear increase
nJ/ψ = nch is shown with the dashed line. With the highest data point, a relative charged particle
multiplicity of nch = 9 is reached. Up to a relative multiplicity of 3, the J/ψ yield is compatible with a
linear increase with multiplicity, above it the increase is significantly stronger than linear.
To better visualize the departure from a linear increase in the full multiplicity range covered in the
analysis, the self-normalized yield can be divided by the self-normalized charged-particle multiplicity, to
give the double ratio rJ/ψ, mid as a function of the charged particle multiplicity. In this representation,
a linear increase corresponds to a horizontal line at rJ/ψ, mid = 1. In Fig. 6.2 (left), the data is shown
in this representation. The boxes representing the systematic uncertainties are not rectangular, since
the measurement and the systematic error estimation were performed on nJ/ψ and not on rJ/ψ. A shift
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Figure 6.2.: Ratio between inclusive J/ψ yield and multiplicity as a function of self-normalized charged-
particle multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV. Left: pT-integrated results,
right: results in pT intervals.
towards a higher nch leads to a lower rJ/ψ, and vice versa. The upper and lower limits of the uncertainties
are shifted analogously, resulting in the asymmetric uncertainties.
At low multiplicities, rJ/ψ, mid lies significantly below the line of linear increase, at nch,mid ≈ 2 it crosses
it, and for nch,mid > 3 lies significantly above it, and diverges further from it with increasing multiplicity.
From visual inspection, the data points follow a smooth line with a constant or only slowly changing
slope. The data point in the highest multiplicity interval seems to be exceptionally high, indicating a
possible change of slope at nch,mid between 8 and 9. The effect is of low significance however and might
be a statistical fluctuation.
Fig. 6.2 (right) shows nJ/ψ as a function of nch,mid for J/ψ with transverse momenta below and above
4 GeV/c. For nch,mid < 3, the results at the different transverse momenta are compatible with each other,
and with a linear increase with multiplicity. Above nch,mid = 3, the increase is clearly stronger than
linear for both transverse-momentum intervals, and the increase for high-pT J/ψ is stronger than for
low-pT J/ψ. Since the three highest multiplicity intervals were merged in the analysis in pT intervals,
not the same nch,mid value as for the highest interval in the pT-integrated analysis can be reached.
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Figure 6.3.: Self-normalized inclusive J/ψ yield at mid-rapidity as a function of self-normalized charged-
particle multiplicity at mid- and forward rapidity in pp collisions at
p
s = 13TeV. Left: pT-
integrated results, right: results in pT intervals.
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In Fig. 6.3 the different multiplicity rapidities are compared, i.e. the self-normalized J/ψ yield is
shown as a function of nch,mid and of nch,fwd.. On the left the pT-integrated results are compared, on the
right the ones pT intervals. At high nch,fwd., the systematic uncertainty on the multiplicity is dominating
over the uncertainty of the J/ψ yield. Within the uncertainties, the increase as a function of forward
rapidity multiplicity is identical to the one as a function of mid-rapidity multiplicity.
6.2 Comparison to other experimental results
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Figure 6.4.: Self-normalized inclusive J/ψ yield at mid-rapidity as a function of self-normalized charged-
particle multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV, compared to self-
normalized multiplicity-dependent ALICE results at lower collision energies: inclusive J/ψ
production in |y| < 0.9 in pp collisions at ps = 7TeV [121]; inclusiveJ/ψ production in
|y| < 0.9 in p-Pb collisions at psNN = 5.02TeV [122]; D-meson production in |y| < 0.5 in
pp collisions at
p
s = 7TeV [123].
In Fig. 6.4, the results of the presented analysis are compared to ALICE results at lower collision
energies on heavy-flavor production as a function of mid-rapidity multiplicity. These are results on J/ψ
production in pp collisions at
p
s = 7TeV [121] and in p-Pb collisions at
p
sNN = 5.02 TeV [122], as well
as results on D-meson production in pp collisions at
p
s = 7 TeV [123]. The J/ψ results are for |y|< 0.9,
the D-meson results for |y|< 0.5.
Within the uncertainties, the self-normalized multiplicity dependence of J/ψ production is indepen-
dent of collision energy, and identical in pp and p-Pb collisions. For D-meson production, there is a hint
of a stronger increase with multiplicity compared to J/ψ for nch,mid ≥ 2. A possible interpretation can
be that the charged-particle multiplicity in collisions that produce a D-meson is further enhanced by the
D-meson itself. The heavy quark is always produced as a pair together with an antiquark. So, each
D-meson will be produced with another open-charm hadron, which in turn will decay and enhance the
charged-particle multiplicity. The second open charm hadron does not necessarily have to be produced
at the same rapidity as the D-meson, so also the introduction of a rapidity gap between the signal and
the multiplicity estimator will not fully remove this effect. An evaluation of these auto-correlation effects
for the case of J/ψ production will be shown in chapter 7 with the PYTHIA event generator, with an
emphasis on the case of non-prompt J/ψ, which is a proxy for open heavy-flavor production.
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Figure 6.5.: Self-normalized inclusive J/ψ yield at mid-rapidity in transverse momentum intervals as a
function of self-normalized charged-particle multiplicity at mid-rapidity in pp collisions atp
s = 13TeV. Results from this analysis are compared to results from preliminary ALICE results
from an analysis at high pT at the same collision energy [183].
In Fig. 6.5, the results of the presented analysis are compared to preliminary ALICE results [183] for in-
clusive J/ψ production at higher transverse momenta at the same collision energy. This analysis has been
performed with the EMCal subdetector in the pT intervals 8 < pT < 11GeV/c and 11< pT < 30 GeV/c.
The J/ψ is measured in |y | < 0.9 in INEL>0 events, i.e. only collisions are considered that produce
at least one charged particle within |η| < 1. No uncertainties on the charged-particle multiplicity were
calculated in this analysis, the horizontal width of the boxes indicating the systematic uncertainty is
without meaning and just serves the purpose to make the uncertainty on the yield visible. There is a hint
of a stronger increase with multiplicity at these higher pT-values compared to the ones investigated in
the presented analysis, supporting the observed trend of a stronger increase at higher pT.
6.3 Interpretation
6.3.1 Linear increase with offset
A linear dependence of the self-normalized J/ψ yield on the charged-particle multiplicity in the strict
sense, i.e. nJ/ψ = nch can be excluded. However, it could still be that from a certain minimal multiplicity
nch,min onward the J/ψ yield grows linearly with multiplicity, with a slope m different from one.
The physical interpretation is that a pp collision is composed of an independent superposition of indi-
vidual elementary processes in which both the J/ψ and the charged-particle multiplicity are produced,
e.g. within the MPI picture. Both the probability to produce a J/ψ and the charged-particle multiplicity
increase linearly with the number of these elementary processes.
The offset nch,min is then caused by the fact that the J/ψ also influences the charged-particle
multiplicity via its decay daughters, or via additional particles produced together with it. These ad-
ditional particles shift the charged-particle multiplicity distribution to higher values in those collisions
in which a J/ψ was produced, resulting in the offset nch,min. J/ψ production in events with lower
multiplicity than nch,min is caused by events in which the multiplicity fluctuates to lower-than-average
values.
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Figure 6.6.: Inclusive J/ψ production at mid-rapidity as a function of self-normalized charged-particle
multiplicity at mid- rapidity in pp collisions at
p
s = 13TeV, compared to linear increase with
an offset. Left: self-normalized J/ψ yield, right: ratio of J/ψ yield and multiplicity.
In order to test this picture, a fit was performed to the increase of nJ/ψ with nch in the region nch > 2
with the following formula:
nJ/ψ(nch) = m · (nch − nch,min). (6.1)
The resulting fitted function is shown as a line in Fig. 6.6 (left) together with the experimental data.
The functional form is extended beyond the range of the fit towards lower multiplicities, indicted by the
dashed line. As can be seen, in the range of the fit the experimental data is well described by the fit with
a χ2/nd f of 1.2. An exception is the point in the highest multiplicity interval, which is far above the
fit, however the statistical significance of the deviation is low, about 1.5 σ, when considering both the
statistical and the systematic uncertainty.
The same fit can also be performed on the double ratio rJ/ψ. Because of the normalization to nch, the
functional form becomes
rJ/ψ(nch) = m · (1− nch,min/nch). (6.2)
The result of the fit is shown in Fig. 6.6 (right). The data points below nch,min are not described by the
fit, above they are in good agreement. The fits were performed also to the other results of the presented
analysis, as well as the high-pT data from the EMCal-based analysis. The corresponding plots can be
found in appendix C.
The resulting values of the fit parameters are shown in Fig. 6.7. No difference in the fit parameter
values was observed between the fit to nJ/ψ or rJ/ψ as a function of nch. The error bars indicate the
uncertainty of the fit parameters obtained from the fit, the boxes indicate the uncertainty from the
systematic uncertainty of the charged-particle multiplicity. They were obtained in the following way:
The experimental data points were shifted once towards lower multiplicities and once towards higher
multiplicities by the amount of the systematic uncertainty. The fit was then performed on this shifted
values, and the difference of the values of the fit parameters assigned as systematic uncertainty. In the
bottom panel of Fig. 6.7 the χ2/nd f values are shown. For the results in pT intervals these are quite
low, this is related to the fact that a low number of data points (6 for the results in pT intervals from this
analysis, and 3 for the ones from the EMCal-based analysis) were fitted with two free parameters.
The offset parameter nch,min has a value of around 1.5 and is independent of pT for the analysis as
a function of nch,mid. The values are similar between the results of this analysis and the EMCal-based
analysis. For the analysis as a function of nch,fwd., nch,min increases slightly with pT, starting at values
around 0.8 for low pT and reaching the same value as in the mid-rapidity case for high pT.
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The slope parameter m increases with transverse momentum. Its values from the fit to the analyses as
a function of nch,mid and nch,fwd. are in agreement with each other, with a hint of a stronger increase with
pT in the nch,fwd. case. The values from the EMCal-based analysis have large uncertainties, but follow the
same trend as the ones obtained in the presented analysis.
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Figure 6.7.: Results of the fit of a linear function with an offset to the self-normalized J/ψ yield as func-
tion of the self-normalized charged-particle multiplicity.
6.3.2 Stronger-than-linear increase
Instead of interpreting the results as a linear increase of J/ψ production with the charged-particle
multiplicity above a minimal multiplicity, one can assume a universal behavior that can be described with
one function in the complete analyzed multiplicity region. One possible functional form is a polynomial
with a linear term and a quadratic one. It can be parametrized as nJ/ψ(nch)∝ ρn2ch + (1− ρ)nch with
0< ρ < 1 quantifying the strength of the quadratic amount of the increase with multiplicity.
Another possibility is a powerlaw function of the form nJ/ψ(nch)∝ xα, with α a real number larger
one. These functional forms can be used to describe the shape of the multiplicity dependence of J/ψ
production, it remains an overall normalization factor. From the fact that both the J/ψ yield and the
charged-particle multiplicity are normalized to their mean values, it can be argued that the normalization
factor should not be too far away from unity, and be correlated with the average increase of the function.
To take this fact approximately into account, the functions were scaled with the value of their deriva-
tion at the mean multiplicity, so dnJ/ψ/dnch(nch = 1) = 1+ρ in the case of the polynomial function, and
dnJ/ψ/dnch(nch = 1) = α in the case of the powerlaw function. An additional scaling parameter ν was in-
troduced in the fitting function to correct for deviations from this estimate. The overall parametrizations
for nJ/ψ and rJ/ψ then read for the polynomial function
nJ/ψ(nch) = ν
ρn2
ch
+ (1−ρ)nch
1+ρ
, rJ/ψ(nch) = ν
ρnch + (1−ρ)
1+ρ
. (6.3)
For the powerlaw function they read
nJ/ψ(nch) = ν
nα
ch
α
, rJ/ψ(nch) = ν
nα−1
ch
α
. (6.4)
80 6. Results and discussion
0 1 2 3 4 5 6 7 8 9 10
〉η/d
chNd〈
η/dchNd
0
5
10
15
20
25
30
35
40〉y
/d
ψ
J/
Nd〈
y
/d
ψ
J/
Nd
 = 13 TeVsThis thesis, pp 
| < 0.8)y (|-e+ e→ ψInclusive J/
|<1η in |chN
 integrated
T
p
/ndf = 2.42χFit: quadratic plus linear,  
/ndf = 1.12χFit: power law,  
 
 
 
0 1 2 3 4 5 6 7 8 9 10
〉η/d
chNd〈
η/dchNd
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5〉η
/d
ch
Nd〈
η
/d
ch
Nd
 
/ 〉y
/d
ψ
J/
Nd〈
y
/d
ψ
J/
Nd
 = 13 TeVsThis thesis, pp 
| < 0.8)y (|-e+ e→ ψInclusive J/
|<1η in |chN
 integrated
T
p
/ndf = 2.52χFit: quadratic plus linear,  
/ndf = 1.12χFit: power law,  
 
 
 
Figure 6.8.: Inclusive J/ψ production as a function of self-normalized charged-particle multiplicity at mid-
rapidity in pp collisions at
p
s = 13TeV, compared to a polynomial fit (solid line), and a
powerlaw fit (dashed line). Left: self-normalized J/ψ yield, right: ratio of J/ψ yield and
multiplicity.
In Fig. 6.8 (left) the pT-integrated nJ/ψ as a function of nch,mid is fitted by the two functions. Both
functions describe the experimental data well. At high multiplicities, the powerlaw function is closer to
the data, with the exception of the data point in the highest multiplicity interval, to which the polynomial
function is closer. The χ2/nd f of the powerlaw function is with 0.9 better than the one of the polynomial
function, which has a value of 2.2.
In Fig. 6.8 (right) the fits are compared to the pT-integrated rJ/ψ, mid as a function of nch,mid. In
this representation it becomes apparent that the powerlaw function provides a better description of
the experimental data. The polynomial function seems to systematically underpredict the data at low
multiplicities, and overpredict the data at high multiplicities. The powerlaw function is in very good
agreement with the experimental data in the whole multiplicity region. An exception is again the data
point in the highest multiplicity interval, with which the polynomial function is in better agreement.
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Figure 6.9.: Results of the fit of a polynomial function to the self-normalized J/ψ yield as a function of
the self-normalized charged-particle multiplicity.
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Figure 6.10.: Results of the fit of a powerlaw function to the self-normalized J/ψ yield as a function of
the self-normalized charged-particle multiplicity.
The fits were performed also for the results in pT intervals, as well as the results as function of nch,fwd.,
and the results from the EMCal-based analysis. In all cases, a good description of the experimental data
is obtained. The corresponding plots can be found in appendix C.
The obtained values of the fit parameters are shown in Fig. 6.9 for the polynomial function and in
Fig. 6.10 for the powerlaw function. For the systematic uncertainty, the data points at nch < 2 were
shifted once towards lower multiplicities and once towards higher multiplicities by the amount of the
systematic uncertainty, and the data points at nch > 2 correspondingly in the other direction. The χ
2/nd f
values of the fits are shown in the bottom of the figures, they are scattered around 1.
The values of the normalization parameters ν are close to unity and within uncertainties independent
of pT for the results of the presented analysis. There is a hint that they are overall slightly larger for
the results obtained as function of nch,fwd. than the ones as function of nch,mid. For the results from the
EMCal-based analysis there is a hint of slightly higher values in case of the polynomial function and
slightly lower values in case of the powerlaw function. It has to be kept in mind that these results are
normalized to a different event class.
The values of the ρ and α parameters grow with increasing pT and are compatible between the results
as a function of nch,mid and nch,fwd..
For the high-pT data of the presented analysis, the value of the ρ parameter is close to one, and of the
α parameter slightly below two. Both these values indicate that there is an almost quadratic increase of
J/ψ production with charged-particle multiplicity.
For the EMCal-based analysis, the value of the α parameter further increases to 2.4 for the highest
pT interval, indicating an even stronger than quadratic increase with multiplicity. Correspondingly, the
ρ parameter in the polynomial function rises above one — yet with large uncertainties. This indicates
that the assumed behavior of a linear part of the increase with multiplicity and a quadratic part is not
adequate at this high transverse momentum, as the prefactor of the linear part becomes negative in this
case.
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6.3.3 Comparison to predictions from the PYTHIA8 event generator
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Figure 6.11.: Self-normalized inclusive J/ψ yield at mid-rapidity as a function of self-normalized charged-
particle multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV, compared to prediction
from the PYTHIA8 event generator.
For this thesis simulations were performed with the PYTHIA8 event generator to obtain predictions of
the self-normalized J/ψ yield as a function of the charged-particle multiplicity. As in the experimental
analysis, both prompt and non-prompt J/ψ was included in the simulation and the influence of those
contributions was studied separately. Additionally physical mechanisms such as multiparton interac-
tion and color reconnection were studied, as well as auto-correlation effects. The detailed results of
these simulations will be presented in chapter 7, here only the comparison of the prediction with the
experimental data will be shown.
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Figure 6.12.: Inclusive J/ψ production at mid-rapidity as a function of self-normalized charged-particle
multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV, compared to prediction from the
PYTHIA8 event generator. Left: self-normalized J/ψ yield, right: ratio of J/ψ yield and
multiplicity.
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Figure 6.13.: Ratio between inclusive J/ψ yield and multiplicity as a function of the self-normalized
charged-particle multiplicity compared to predictions from PYTHIA8 event generator. Left:
comparison between multiplicity at mid and forward rapidity. Right: PYTHIA8 predictions
for prompt and non-prompt J/ψ separately.
In Fig. 6.11, nJ/ψ as a function of nch,mid is compared to the prediction from the PYTHIA8 event
generator. The error band of the PYTHIA8 prediction does not represent an uncertainty of the model,
but denotes the statistical uncertainty of the generated Monte Carlo sample. From relative multiplicities
of 4 onwards, the PYTHIA8 prediction largely underpredicts the experimental data. Qualitatively the
predictions are in agreement with the experimental data, i.e. a stronger than linear increase of J/ψ
production with multiplicity is reproduced.
In Fig. 6.12 (left) the prediction on rJ/ψ, mid is compared to the experimental data. This is to show
that the PYTHIA8 prediction is essentially a linear increase at high multiplicities, manifest by a constant
value of the double ratio. As was demonstrated before, the experimental data at high multiplicity can
be described with this functional form, though with a higher slope than predicted by PYTHIA8. The
PYTHIA8 predictions for the different transverse momentum intervals are shown in Fig. 6.12 (right). As
in data, the increase is stronger for J/ψ at higher pT, but for nch ≥ 4 (for the low-pT interval) and nch ≥ 3
(for the high-pT interval), the PYTHIA8 model clearly underpredicts the data.
The predictions for the different multiplicity estimators are shown in Fig. 6.13 (left). As in data, the
two cases are very similar to each other within the statistical uncertainties.
Fig. 6.13 (right) rJ/ψ, mid as a function of nch,mid is compared to predictions from the PYTHIA8 model
for prompt and non-prompt J/ψ separately. The non-prompt J/ψ yield shows a stronger increase with
multiplicity than the prompt J/ψ one. The former is actually in agreement with the experimental data
on inclusive J/ψ. The increase of the latter is only weakly stronger than linear. The slope of the increase
of prompt J/ψ actually gets lower at higher multiplicities, resulting in a slightly decreasing double ratio
from nch = 5 onwards. A separate experimental measurement of the multiplicity dependence of prompt
and non-prompt J/ψ is clearly called for in order to test these expectations from the model.
6.3.4 Comparisons to theoretical model predictions
Theoretical model predictions for the self-normalized J/ψ yield as a function of the self-normalized
charged-particle multiplicity have been provided by several authors. In Fig. 6.14, the experimental data
is compared to prediction from the percolation model [128, 185], the model involving higher Fock-
states [130,184], the model including the CGC effective field theory [131], and to a prediction from the
EPOS3 event generator [133,186]. For details on the models cf. section 2.2. Overall, all models provide
a decent description of the data. The percolation model is in good agreement with the data in the highest
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Figure 6.14.: Self-normalized inclusive J/ψ yield at mid-rapidity as a function of self-normalized charged-
particle multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV, compared to theoretical
model predictions by the higher-Fock-states model [130, 184], the percolation model [128,
185], the EPOS3 event generator [133,186], and the CGC-based model [131] .
multiplicity interval, but overpredicts the data at lower multiplicities. The other model predictions are
in good agreement with the data, though they do not reach the multiplicity of the highest data point.
The prediction based on the EPOS3 event generator was performed not for J/ψ particles, but for
D-mesons in the transverse momentum interval 2 < pT < 4GeV/c. These prediction should to a rea-
sonable degree be valid for J/ψ particles at a similar transverse momentum [186]. The pT interval of
the prediction was thus chosen in such a way that the mean pT is in rough agreement with the mean
pT of J/ψ in pp collisions. In Fig. 6.15 the model prediction is divided by nch,mid to give a prediction
for rJ/ψ, mid. In the whole multiplicity range where the model makes a prediction, it shows a very good
agreement with the experimental data.
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Figure 6.15.: Ratio of J/ψ yield and multiplicity as a function of self-normalized charged-particle
multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV, compared to predictions from
the EPOS3 event generator for D-mesons with 2< pT < 4GeV/c.
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Figure 6.16.: Ratio of J/ψ yield and multiplicity as a function of self-normalized charged-particle
multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV, compared to predictions from
the percolation model (left) and the CGC-based model (right).
In Fig. 6.16 (left), the percolation model was similarly scaled by nch,mid to obtain a prediction for
the rJ/ψ, mid. The upper edge of the error band corresponds to the default version of the model, as
discussed in [128], the lower edge includes an additional QGP inspired suppression mechanism [185].
In the intermediate multiplicity region 1 < nch,mid < 5, the model agrees well with the experimental
data, likewise for the data in the highest multiplicity interval. In the multiplicity intervals in between
it overpredicts the data. Overall, the inclusion of the QGP like effects improves the agreement with the
experimental data.
In Fig. 6.16 (right), the CGC-based model prediction is divided by nch,mid and compared to the experi-
mental data on rJ/ψ, mid. In the range of the model it describes the data well.
The predictions from the higher-Fock-states model [130] were updated [184] to include saturation
effects on the gluon distributions. The new model predictions are compared to the experimental data in
Fig. 6.17 for the pT-integrated results on the left and in pT intervals on the right.
The error band in the pT-integrated prediction represents the uncertainty on the α value of the model
(cf. section 2.2.2). The upper edge of the error band corresponds to the default value α = 0.98, while
the lower edge corresponds to α= 0.95. For the prediction in pT intervals, the default value was chosen.
0 1 2 3 4 5 6 7 8 9 10
〉η/d
chNd〈
η/dchNd
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5〉η
/d
ch
Nd〈
η
/d
ch
Nd
 
/ 〉y
/d
ψ
J/
Nd〈
y
/d
ψ
J/
Nd
 = 13 TeVsThis thesis, pp 
| < 0.8)y (|-e+ e→ ψInclusive J/
|<1η in |chN
 integrated
T
p
Higher Fock states model
 
 
 
 
0 1 2 3 4 5 6 7 8
〉η/d
chNd〈
η/dchNd
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5〉η
/d
ch
Nd〈
η
/d
ch
Nd
 
/ 〉y
/d
ψ
J/
Nd〈
y
/d
ψ
J/
Nd
 = 13 TeVsThis thesis, pp 
| < 0.8)y (|-e+ e→ ψInclusive J/
|<1η in |chN
c > 4 GeV/
T
p
Higher Fock states model
c < 4 GeV/
T
p
Higher Fock states model
 
 
Figure 6.17.: Ratio of J/ψ yield and multiplicity as a function of charged-particle multiplicity at mid-
rapidity in pp collisions at
p
s = 13TeV, compared to predictions from the higher-Fock-states
model. Left: pT-integrand results, right: results in pT intervals.
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The high-pT prediction is for a pT interval 4 < pT < 8GeV/c, whereas the data are for 4 GeV/c < pT.
The difference should be negligible however, due to the much lower total yield of J/ψ production at this
high pT-values. Starting from multiplicities of around 4 nch, the model is in good agreement with the
experimental data, whereas it slightly overpredicts the data ar lower multiplicities. Overall, the lower
edge of the error band, corresponding to the lower α value is in better agreement with the experimental
data.
6.4 Summary
Summarizing, it can be stated that the presented analysis shows a clearly stronger than linear increase
of inclusive J/ψ production at mid-rapidity with the charged-particle multiplicity. The result is inde-
pendent on the rapidity region where the charged-particle multiplicity was measured. The increase is
stronger for J/ψ at higher transverse momentum. The results from the EMCal-based analysis support
this observation. The data can be interpreted both as a linear increase of J/ψ production with charged-
particle multiplicity with an offset, or as a stronger than linear increase with charged-particle multiplicity.
In the latter case, the increase can be parametrized with a polynomial or a powerlaw function. The dif-
ferent theoretical model predictions provide a reasonable or good description of the experimental data.
The PYTHIA8 event generator, though reproducing qualitatively the mentioned features, fails to quan-
titatively describe the data. A clearly different multiplicity dependence of prompt and non-prompt J/ψ
is predicted, which remains to be experimentally tested. A hint of a stronger increase of open-heavy-
flavor hadrons can be obtained from the experimental results on D-meson production as a function of
charged-particle multiplicity in pp collisions at
p
s = 7 TeV [123].
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7 PYTHIA8 study
In this chapter a study of multiplicity dependent J/ψ production within the PYTHIA8 [178] model
will be presented. The main components of the model will be described briefly in the following with
emphasis on aspects relevant for the presented study. The results for the multiplicity dependence of J/ψ
production and the different phenomena which cause it will be discussed afterwards.
7.1 The PYTHIA event generator
PYTHIA is a QCD inspired event generator for collisions of protons, leptons and nuclei. It has a
complex physics model with a multitude of different processes implemented at different stages of the
collision. Fig. 7.1 gives an impression of its complexity by sketching the physics mechanisms at play in
one proton-proton collisions. The main components of a proton-proton collision – with a focus on their
relevance for the presented analysis – will be described briefly in the following.
An in-depth description of the physics implemented in the PYTHIA model is given in [187] for version 6
of the model. Recent changes in the new version 8 are summarized in [178].
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Figure 7.1.: Schematic picture of a proton-proton collision in PYTHIA. Figure taken from [188].
• Partonic scattering: Each non-diffractive proton-proton collision contains (at least) one interac-
tion between two partons, one from each of the two beams. The partons can either be the valence
quarks of the incoming protons, gluons, or sea quarks. Strong and electroweak processes are im-
plemented in terms of matrix elements for the transition of an initial to a final state. Typically,
high pT partons are produced in such scatterings, which then further evolve into jets. Also heavy
quark-antiquark pairs can be created, as well as quarkonium states [189], according to the NRQCD
formalism (compare section 1.6.2). More details will be given in section 7.4.
• Parton showers [191]: The partonic interactions are accompanied by space-like Initial State Ra-
diation (ISR) and time-like Final-State Radiation (FSR). Gluons emitted in ISR, FSR, or gluons
produced in partonic scattering processes can split into heavy flavor quark-antiquark pairs, giving
another source of heavy flavor production in PYTHIA. For these processes, also the QED analog
exists, i.e. a photon splitting into a heavy quark-antiquark pair, albeit with a much smaller cross
section.
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Figure 7.2.: Important components of the PYTHIA model. Left: Color Reconnection (CR): Reduction of
the total string length by recombining strings from different MPI. The dots represent outgo-
ing partons after the collisions, the lines the strings connecting them. Top: string topology
before CR, bottom: after CR. Figure taken from [190]. Right: Lund string fragmentation: the
hadronization mechanism of PYTHIA based on iterative breaking of color strings spanned
between partons. Figure taken from [188].
• MultiParton Interactions (MPI) [192]: Within one proton-proton collision, not only one partonic
interaction (PI) can occur, but multiple. A typical event at LHC energies contains roughly between
four and ten interactions [193]. In PYTHIA, the individual interactions are ordered by transverse
momentum in descending order until a lower cutoff pT is reached. They are treated identically, so
heavy quark and quarkonium production can happen in any of them.
• Beam remnants [193]: After one or more partons of the incoming beams undergo interactions,
the remaining ones in the beam remain in a colored state. The beam remnant partons are the
remaining valence quarks that did not interact yet, and so-called companion quarks, i.e. for each
sea quark (antiquark) that entered an interaction a corresponding quark (antiquark) of the same
flavor remains in the beam to preserve the flavor content; these can also be heavy quarks. The
beam remnants may form composite color-singlet objects, or serve as endpoints to strings in the
string fragmentation process, as discussed below.
• Color Reconnection (CR) [194]: The created partons are connected via strings, i.e. Lorentz-
invariant descriptions of the linear confinement potential. Each string has a color charge (quark)
at one end and the corresponding anti-color charge (antiquark) at the other end. Diquarks are
treated similarly to antiquarks. Gluons have both color and anti-color charge, so they correspond
to kinks in the strings. Without CR, partons keep the color connections as they were established
during their productions, this means that partons from different PI are not directly connected to
each other. With CR, strings can be rearranged between partons so as to reduce the total string
length. The process is illustrated in Fig. 7.2 (left). The reduction of the total string length leads to a
reduction of the total multiplicity, since the bulk of particles are produced from the string breaking
mechanism as will be explained in the next bullet. Different models of CR are implemented in
PYTHIA, as it is a theoretically not well established effect on the border between perturbative and
nonperturbative QCD. In the default implementation of color reconnection, lower pT PI are merged
with higher pT ones.
• Hadronization is implemented according to the Lund String fragmentation model [195]. As
quarks and antiquarks move apart, the potential energy stored in the string connecting them in-
creases linearly due to the confining force. Once the energy stored is large enough, the string
breaks, producing a quark-antiquark pair. The system then contains two quark-antiquark pairs
connected by a shorter string each. If one of the strings contains enough energy, the process re-
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peats itself, until small enough pieces of string remain, which are then identified with on-shell
hadrons. Since diquarks are treated the same as antiquarks this mechanism also produces baryons.
A schematic depiction of the process is given in Fig. 7.2 (right).
Heavy-quark production in string breaking is strongly suppressed (u : d : s : c ≈ 1 : 1 : 0.3 : 10−11)
due to their large mass and thus large energy required to be stored in the string. That’s why
this mechanism can safely be neglected and is not implemented in the PYTHIA model. However,
quarkonia can also be created at this stage, namely when a heavy quark and corresponding anti-
quark, which were produced earlier in the collision – by any of the aforementioned mechanisms–
are connected by a exceptionally short string. It can then happen that the potential energy stored
in the string is too low to produce quark-antiquark pairs, so the usual iterative string fragmenta-
tion scheme is not applicable. Instead the heavy quark and antiquark then collapse directly into a
hadron, producing a quarkonium state. This process is called cluster collapse [196].
• Decays: Unstable particles decay further, according to the known branching ratios [1]. In particu-
lar, non-prompt J/ψ and J/ψ from feed-down from higher charmonia states are created here.
• Diffraction [197]: Besides non-diffractive collisions, also single, double and central diffraction is
included in PYTHIA. Diffractive collisions are treated as collision between a proton and a pomeron
(implemented as a color singlet group of gluons). The subsequent evolution is then – provided that
the diffractive mass is sufficient – similar to a non-diffractive collisions, including MPI, ISR and
FSR.
The various components in PYTHIA are governed by a multitude of parameters, which can be deter-
mined by comparison to data. Typically, parameters are not modified individually, but sets of parameters
are used, so-called tunes, which typically attempt to simultaneously describe many observables for a
given collision energy, or even for different energies. The default tune of PYTHIA8 is the Monash 2013
tune [198]. Minimum bias, Drell-Yan and underlying-event data from the LHC were used to constrain
initial-state radiation and MPI parameters. SPS and Tevatron data were used to constrain energy scaling.
7.2 Technicalities
PYTHIA version 8.230 [26] was used with the default Monash 2013 tune.
For the results presented in this chapter however, only non-diffractive events were considered require-
ment. The overall physics picture does not change by exclusion of diffractive events, but some arguments
become more clear with this more natural event selection. For the comparison to experimental data, as
presented in chapter 6, inelastic events were simulated, i.e. including also diffractive processes.
Multiplicity is defined as the number of primary charged particles, according to the ALICE definition
[199]. The dependence of J/ψ production on the multiplicity at mid-rapidity (|η|< 1) was investigated,
as well as at forward rapidity, i.e. at the pseudo-rapidity of the V0 detectors (2.8 < η < 5.1 and
−3.7< η < −1.7).
In the default settings, MPI and CR are part of the model. To demonstrate their influence on the on the
described observations, they were for comparison turned off, without retuning of the other parameters
of the model. It has to be kept in mind that in these cases the simulation does not provide a realistic de-
scription of proton-proton collisions anymore, for example the charged-particle multiplicity as measured
in experimental data is not reproduced by PYTHIA8 with these settings.
7.3 Charged-particle multiplicity
The probability distributions for the charged-particle density at mid-rapidity of diffractive and non-
diffractive events are shown in Fig. 7.3 for the full simulation, for CR switched off, and for MPI switched
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off. The table gives the mean values and the RMS for all inelastic events. As can be seen, the inclusion
of MPI increases the multiplicity by more than a factor 2 and the distribution becomes much wider.
The color reconnection mechanism reduced the multiplicity again by about 30 % and also makes the
distribution narrower. From earlier experiments it is known that the full simulation including MPI and
CR reproduces the measured charged-particle multiplicity distribution reasonably well [34, 35]. The
table in 7.3 also gives the mean value and width of the total charged-particle multiplicity in the full
phase space. It shows that the mentioned enhancement and reduction of multiplicity with MPI and CR
affects the total multiplicity in a similar way as at mid-rapidity.
As explained, without the CR mechanism the individual PIs are independent of each other, thus the
total charged-particle multiplicity Nch increases roughly linearly with the number of PI per collision NMPI
as shown in Fig. 7.4 (left), which shows the two-dimensional probability distribution of events with a
certain Nch and NMPI. In the right panel of the figure the mean value of Nch is shown as a function of
NMPI. In fact, the increase is a bit weaker than linear without CR, since the total momentum transfer that
is possible in one proton-proton collision is limited, such that for a higher number of PI the individual
PIs are on average softer and produce less particles.
As can be seen from Fig. 7.4 (middle) and (right), with CR the charged-particle multiplicity distribution
for a given NMPI gets wider and the mean grows slower with NMPI.
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7.4 Heavy quark and quarkonium production in PYTHIA8
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Figure 7.5.: Top: Rapidity and transversemomentum distribution of inclusive J/ψ production in PYTHIA8,
split in different production mechanisms. Bottom: Relative contribution to the total yield as
a function of rapidity and transverse momentum.
Heavy quarks can be produced in PYTHIA in hard scattering processes according to pQCD matrix
elements, can be formed from a gluon that splits into a heavy quark pair, or they can come as a companion
quark to a heavy sea quark that entered a hard scattering process. Relevant pQCD mechanisms are
gluon-fusion g g → QQ¯ (Q either charm or bottom) or light quark-antiquark annihilation qq → QQ¯.
In combination with the parton shower mechanism more complex topologies like flavor excitation are
possible.
Quarkonia production can happen either via an NRQCD process in the hard scattering, via the binding
of a heavy quark and an heavy antiquark at hadronization ("cluster collapse"), or in case of charmonium
via the weak decay of a beauty hadron. In about 95 % of all cases this is a B meson (e.g. B+→ J/ψK+),
in the others it is a beauty baryon, such as Λb.
For the NRQCD part, leading order processes are implemented in PYTHIA8. The pre-resonant states
can be in color-singlet or color-octet states with different quantum numbers. The mass of the color-octet
state is set to the mass of the corresponding physical color-singlet state to which it will decay plus a
fixed singlet-octet mass splitting parameter, which by default is 200 MeV/c2. The color-octet state then
decays to the color-singlet state by radiating off a gluon. Production of quarkonia is implemented in the
2S+1 LJ -states
3S1 (ψ, Υ ),
3PJ (χc, χb) and
3DJ (ψ(3370)). The processes are of the form: g g → [QQ¯]g
(gluon-fusion), gq → [QQ¯]q (gluon splitting) or qq¯ → [QQ¯]g (quark-antiquark annihilation) ([QQ¯]
denotes the pre-resonant quarkonium state). At LHC energies at mid-rapidity the gluon-fusion processes
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Figure 7.6.: Top: Rapidity and transverse momentum distribution of J/ψ production from a B decay in
PYTHIA8, split in different production mechanisms of the initial b quark. Bottom: Relative
contribution to the total yield as a function of rapidity and transverse momentum.
are dominating because of the high gluon density. The higher-mass charmonium states can decay later
to J/ψ (e.g. ψ(2S)→ J/ψpipi) at the hadronic decay stage of the simulation.
For quarkonium production from cluster collapse it has to be noted that only the lowest-mass quarko-
nium states, i.e. ηc, J/ψ, (or ηb and Υ (1S) in the case of bottomonium) can be produced. The heavy
quark and antiquark can have been produced in the same process or in different ones; with the CR
mechanism it is also possible that a heavy quark from one PI binds with a heavy antiquark from another
PI.
Fig. 7.5 shows for the different sources of J/ψ production the rapidity and transverse-momentum
distributions, and the relative contribution to the total J/ψ yield as a function of rapidity and pT. The
distributions are normalized in such a way that the maximum is at one, so that differences in the shapes
are best visible. Non-prompt J/ψ production has a harder pT spectrum than prompt J/ψ. The relative
contribution rises from around 10 % at zero pT to over 40 % at pT = 16GeV/c. This is in agreement with
experiment, see e.g. [200].
Prompt J/ψ from NRQCD or from cluster collapse have a similar pT distributions. The cluster collapse
component has a dip at mid-rapidity, the reason for which is still to be understood. In total it amounts
to about 10 % of the J/ψ yield.
Non-prompt J/ψ are mostly J/ψ from the decay of a B meson. For this case the origin of the initial b
quark was investigated. This is shown in Fig. 7.6, which depicts the rapidity and transverse-momentum
distributions of J/ψ from B for the different sources of b quark production.
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About 65 % of all b quarks were produced in a hard scattering process, about 20 % in the splitting of
a gluon, which was in turn produced in a hard scattering, and the remaining 15 % in the splitting of a
gluon from initial or final-state radiation. In the latter case, the pT distribution is a bit softer than in
the cases where a hard scattering is involved. The contribution of b quarks from the beam remnant is
negligible at mid-rapidity and only relevant close to the beam rapidities.
7.5 Multiplicity dependence
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The multiplicity dependence of inclusive J/ψ production in PYTHIA8 is shown in Fig. 7.7, which
shows the self-normalized J/ψ yield at mid-rapidity as a function of the self-normalized charged-particle
multiplicity at mid-rapidity in the left panel and at forward rapidity in the right panel. The result for J/ψ
decaying in the dilepton decay channel (dielectron or dimuon) is compared to J/ψ decaying in other
decay channels. If the multiplicity is measured in the same rapidity as the J/ψ, its decay daughters enter
into the multiplicity and shift events that contain a J/ψ to higher multiplicity values. In PYTHIA, J/ψ can
decay in up to 10 decay daughters (which can further decay), while in data, J/ψ is reconstructed only in
the dielectron channel. Thus, the choice of the decay channel has a strong influence on the multiplicity
dependence. No difference between the dielectron and the dimuon decay channel were observed. For
this reason, for the results presented in the rest of this chapter, J/ψ was forced to decay in the dielectron
decay channel. In this case the increase of J/ψ production with the multiplicity at mid- and forward
rapidity is quite similar.
The transverse-momentum dependence of the increase is shown in Fig. 7.8. Both as a function of
mid- and forward rapidity multiplicity, the increase gets steeper with rising pT, in agreement with data
(compare chapter 6). The effect is slightly stronger for the mid-rapidity multiplicity.
In Fig. 7.9 the different J/ψ production mechanism are compared. J/ψ from NRQCD grows linearly
with multiplicity, independent of whether the latter was measured at mid or forward rapidity. J/ψ yields
from cluster collapse grow stronger than linearly, also independent of the rapidity where the multiplicity
was measured. Non-prompt J/ψ yields grow stronger than linearly, the increase is stronger as a function
of the mid-rapidity than the forward rapidity multiplicity. This observation hints to the fact that for
non-prompt J/ψ auto-correlation effects might be at play. This question will be further investigated in
section 7.7.
Finally, in Fig. 7.10 the pT dependence for the different production processes is investigated. For both
non-prompt J/ψ and J/ψ yields from NRQCD, the increase gets steeper with higher pT. The effect is
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more pronounced for non-prompt J/ψ. The increase of J/ψ yields from cluster collapse with multiplicity
on the other hand is pT independent.
|<1)η(|〉y/d
ch
Nd〈
y/dchNd
0 1 2 3 4 5 6 7
〉y
/d
ψ
J/
Nd〈
y
/d
ψ
J/
Nd
0
2
4
6
8
10
12
14
16
18
20
PYTHIA 8.230, nondiffractive events
 (|y|<0.8)ψInclusive J/
inclusive
T
p8 GeV/c < 
 < 8 GeV/c
T
p4 GeV/c < 
 < 4 GeV/c
T
p
linear
(V0M)〉y/d
ch
Nd〈
y/dchNd
0 1 2 3 4 5 6 7
〉y
/d
ψ
J/
Nd〈
y
/d
ψ
J/
Nd
0
2
4
6
8
10
12
14
16
18
20
PYTHIA 8.230, nondiffractive events
 (|y|<0.8)ψInclusive J/
inclusive
T
p8 GeV/c < 
 < 8 GeV/c
T
p4 GeV/c < 
 < 4 GeV/c
T
p
linear
Figure 7.8.: Self-normalized inclusive J/ψ yield at mid-rapidity as a function of self-normalized charged-
particle multiplicity at mid- (left) and forward (right) rapidity in intervals of transverse mo-
mentum.
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In the remainder of this chapter, the microscopic reasons for these behaviors will be investigated, i.e.
the role of MPI, CR and auto-correlation will be disentangled in order to understand the origin of the
stronger than linear increase and the pT dependence of it.
7.6 Multiparton interactions and color reconnection
In the PYTHIA model each PI has a certain probability to produce a J/ψ. Consequently the self-
normalized J/ψ yield rises roughly linearly with the self-normalized number of PI, as shown in the top
left panel of Fig. 7.11. In this plot CR was deactivated, as the influence of CR will be explained later.
As can be seen, the linearity of the increase is best fulfilled for J/ψ from NRQCD. For non-prompt J/ψ
and J/ψ from cluster collapse, the increase tends to saturates at very high multiplicities. This can be
explained by the fact that the total available energy in one collision is limited, so for very many PIs in
one collision, the momentum transfer per PI is on average smaller, so the cross section for hard processes
such as heavy-quark production is reduced.
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To further illustrate the origin of the linearity between J/ψ production from NRQCD and the number
of PI, in Fig. 7.12 this component is split depending on the PI in which it was produced. As can be seen
the probability to produce J/ψ in say the 11th PI is zero for collision with less than 11 PI; starting from
collisions with 11 PI, the normalized yield first rises strongly with NMPI up to collisions with about 14 PI,
then saturates, and finally slightly decreases.
This behavior can be understood by the fact that the PI are ordered in PYTHIA in decreasing order
of momentum transfer. So, in a collision with 11 PI the 11th one is the one with the least momentum
transfer, accordingly the probability to produce a J/ψ is low. In collisions with more PI, the 11th one
is not the weakest anymore, so the probability to produce J/ψ in it rises. In collisions with many PI,
the momentum transfer per PI reduces with increasing NMPI, so also the probability to produce a J/ψ
decreases slightly. For the total yield of J/ψ from any PI, this results in a roughly linear increase with
NMPI.
As was mentioned, in the top left panel of Fig. 7.11, CR was deactivated. The bottom left panel
shows the same quantities with activated CR. J/ψ production from NRQCD and non-prompt J/ψ are
not affected by CR. This is as expected, since CR acts on the color strings that are responsible for light
particle production but does not enter in these J/ψ production processes. J/ψ from cluster collapse on
the other hand shows a completely different behavior, as it grows quadratically with NMPI with activated
CR, compared to the linear increase without it. In this process, the charm quark and the charm antiquark
typically come from independent pairs, because heavy quarks produced as a pair usually have a large
opening angle. Now, with CR activated, also a charm quark from one PI can bind with a charm antiquark
from a different one. The probability to produce one heavy quark pair in a collision increases linearly
with NMPI: P(cc¯) ∝ NMPI. Since the processes are independent, the probability to produce a second
one under the condition that a first one was produced also increases linearly with NMPI: P(2cc¯|cc¯)∝
NMPI, so the total probability to produce two charm-anticharm pairs increases quadratically P(2cc¯) =
P(2cc¯|cc¯) ∗ P(cc¯)∝ N2
MPI
. The same is true for all mesons made of two heavy quarks, so e.g. for Bc, but
not for mesons containing a heavy and a light quark, since the latter is usually produced in the string
fragmentation process. This fact is illustrated in Fig. 7.12 (right), which shows the increase of J/ψ yield
with NMPI for J/ψ from coalescence and non-prompt J/ψ from the decay of a Bc, a Bs, or a B meson. In
the first two cases the increase with NMPI is quadratic, in the latter two linear.
Now, instead of the NMPI dependence of the total J/ψ production, the dependence of mid-rapidity J/ψ
production on the charged-particle multiplicity at mid-rapidity will be investigated. This is shown in the
right panels of Fig. 7.11. The top panel shows again the situation without CR. For non-prompt J/ψ the
increase is stronger in this case, for J/ψ from cluster collapse it is slightly stronger and for J/ψ from
NRQCD it is weaker.
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Figure 7.11.: Self-normalized J/ψ yield split in different production processes. Top panels: color reconnec-
tion switched off, bottom panels: full simulation; left panels: J/ψ yield in full phase-space as
a function of the self-normalized number of partonic interactions, right panels: mid-rapidity
J/ψ yield as a function of the self-normalized charged-particle multiplicity at mid-rapidity.
This change in multiplicity dependence is due to auto-correlation effects between the multiplicity
estimator and the J/ψ signal and will be investigated in detail in the next section.
This fact can be further visualized two-dimensionally, showing the relative J/ψ yield as a function
of NMPI of Nch simultaneously. This is shown in Fig. 7.13 for J/ψ from NRQCD (left panel) and for
non-prompt J/ψ (middle panel).
In the case of J/ψ from NRQCD, for an event with a given NMPI, the yield slightly decreases with
increasing charged-particle multiplicity. This can be understood by the fact that the charged-particle
multiplicity and the J/ψ are in competition to each other, so in an event with high multiplicity produced,
not much energy is left for J/ψ production. This is in agreement with the observation that the yield
increases slower with Nch than with NMPI.
In the case of non-prompt J/ψ on the other hand, the yield increases strongly with Nch for events with
a given NMPI. Or, in other words, for a given charged-particle multiplicity, the probability to produce
non-prompt J/ψ is higher if this multiplicity was produced from few – harder – PIs than if many – softer
– PIs were involved. This behavior can be understood by the fact that the production of a non-prompt
J/ψ is associated with the production of additional charged particles.
The scaling of non-prompt J/ψ production with Nch and NMPI is in fact very similar to the total
transverse-momentum transfer squared of the collision pˆ2
T
, which is the sum of the squared transverse-
momentum transfers in the individual PIs. This quantity is shown in the right panel of Fig. 7.13.
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Left: Prompt J/ψ produced from NRQCD split according to in which PI it was produced.
Right: J/ψ from coalescence and B decay, split into B, Bs and Bc .
Finally, the stronger-than-linear increase of non-prompt J/ψ production is further enhanced when CR
is activated. This is demonstrated in the bottom right panel of Fig. 7.11 This is due to the fact that CR
reduces the soft particle production, this means the abscissa of the plot becomes compressed, while the
ordinate is not effected, so the increase is enhanced.
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Self-normalized total squared transverse-momentum transfer, i.e. sum of the squared trans-
fered transverse-momenta of the individual PIs.
7.7 Investigation of auto-correlation
The charged-particle multiplicity and the J/ψ yield are not independent quantities, the latter influ-
ences the former. This influence comes from the following mechanisms:
• The J/ψ decay daughters contribute to the charged-particle multiplicity. Since the simulations and
the experimental measurement are done in the dielectron decay channel, two additional charged
particles are produced in events containing a J/ψ, if the multiplicity is measured in the same
rapidity as the J/ψ.
• In the case of J/ψ from NRQCD the J/ψ is typically produced together with a gluon, e.g. via
g g → [QQ¯] g which will in turn hadronize and increase the multiplicity. Additionally, if the pre-
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Figure 7.15.: Definition of the toward, transverse and away regions in ϕ with respect to the J/ψ direc-
tion.
resonant state is a color-octet, an additional gluon is emitted in the transition to the physical
J/ψ state. Since the mass difference between the color-octet and the color singlet state is small,
the gluon will typically be emitted under a small opening angle, so the multiplicity in the flight
direction of the J/ψ will be affected most.
• In the case of J/ψ from cluster collapse, the charm quark and antiquark are both produced together
with another charm antiquark and charm quark, which in turn will produce additional particles.
• In the case of non-prompt J/ψ, the mother particle of the J/ψ decays into several particles, the de-
cay daughters can decay further. Furthermore, the initially produced b quark can be accompanied
by final state radiation, enhancing the multiplicity in the region around it. Finally, b quarks are
always produced as pairs, mostly back to back in hard interactions. Thus, the non-prompt J/ψ will
typically be accompanied by a high-pT parton going in the opposite direction, fragmenting into a
jet of particles. This recoil jet is at an azimuthal angle of 180◦ with respect to the initial be quark,
but can be at a different rapidity.
These auto-correlation effects can be best studied in events with only one hard interaction, so with the
MPI mechanism switched off. Then, J/ψ and charged-particle production both originate from the same
process and the described effects should be clearly visible.
Fig. 7.14 shows the self-normalized J/ψ yield at mid-rapidity as a function of the self-normalized
charged-particle multiplicity at mid-rapidity for events without MPI. For non-prompt J/ψ, a strong in-
crease of the yield with the charged-particle multiplicity can be observed, likewise but weaker for J/ψ
from cluster collapse. For J/ψ from NRQCD a different picture emerges: at low multiplicity, the yield
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Figure 7.16.:Multiplicity dependence of J/ψ production at mid-rapidity in PYTHIA8.230 with multipar-
ton interactions switched off, split into the different production mechanisms. Multiplicity
evaluated in different kinematic regions. Left : multiplicity at mid-rapidity, right: multiplic-
ity at forward rapidity; top row: multiplicity in toward region in ϕ w.r.t. J/ψ, middle row:
multiplicity in transverse region, bottom row: multiplicity in away region.
increases with multiplicity, up to around 1.5 times the mean value, afterwards it decreases again slightly
with multiplicity. This behavior can be understood the following way: at low multiplicity the additional
particle production from the gluons produced alongside the J/ψ leads to an increase of J/ψ production
with multiplicity. At higher multiplicity, the competition between J/ψ and charged-particle production
for the limited total phase space in the collision becomes relevant and leads to the observed decrease of
the self-normalized J/ψ yield.
To further investigate the different auto-correlation effects, the J/ψ yield can be studied as function
of the charged-particle multiplicity in different kinematic regions w.r.t. the direction of the J/ψ, i.e. in
different regions of the azimuthal angle ϕ and at different rapidities. The ϕ direction was split into three
regions as indicated in Fig. 7.15:
• Toward region: ∆ϕ ≡ |ϕ −ϕJ/ψ|< pi/3
• Transverse region: pi/3<∆ϕ < 2pi/3
• Away region: 2pi/3<∆ϕ.
Furthermore, the charged-particle multiplicity was evaluated either at mid-rapidity, or at forward
rapidity.
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Figure 7.17.:Multiplicity dependence of non-prompt J/ψ production at mid-rapidity in PYTHIA8.230
with multiparton interactions switched off, in transverse-momentum bins, where the b
quark was produced in a hard pQCD process. Multiplicity evaluated in different kinematic
regions. Left: multiplicity at mid-rapidity, right: multiplicity at forward rapidity; top row:
multiplicity in toward region in ϕ w.r.t. J/ψ, middle row: multiplicity in transverse region,
bottom row: multiplicity in away region.
The dependence of mid-rapidity J/ψ production on the multiplicity in the different regions is shown in
Fig. 7.16. In the left panels, the multiplicity was determined at mid-rapidity, in the right ones at forward
rapidity, in the top panels in the toward region, in the middle panels in the transverse region, and in the
bottom panels in the away region. The following observations can be made:
• The yield of J/ψ from NRQCD does not depend strongly on the charged-particle multiplicity. It
is independent of the multiplicity in the away region, and decreases slightly with increasing mul-
tiplicity in the regions away from the flight direction of the J/ψ. As a function of the multiplicity
in the flight direction of the J/ψ, first an increase of the yield with multiplicity can be observed,
which then saturates and changes into a decrease.
• The yield of non-prompt J/ψ increases strongly as a function of the multiplicity in the away re-
gion, and of the multiplicity in the toward region at mid-rapidity. It is weakly dependent on the
multiplicity in the other regions.
• For J/ψ from cluster collapse the same is true as for non-prompt J/ψ, but the increase is not as
strong.
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These observations are in line with the expectations from the described effects: the multiplicity in the
region around the J/ψ from the additional decay daughters is increased and leads to a increase of J/ψ
production as a function of multiplicity. The recoil jet likewise increases the multiplicity in the away
region in a wide rapidity range, especially for non-prompt J/ψ.
The multiplicity dependence of non-prompt J/ψ will be studied further in the following, since here
the auto-correlation effects are the strongest. In Fig. 7.17, it is split in transverse-momentum bins. The
dependence on the multiplicity where no auto-correlation effects are expected – so the transverse region,
and the toward region at forward rapidity – is largely pT independent. In the region affected by auto-
correlation however, the increase with multiplicity is strongly pT dependent, i.e. the increase is much
stronger for high pT. This is again in line with expectations, since higher-pT b quarks should fragment
into more particles and have more radiation associated to them.
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Figure 7.18.:Multiplicity dependence of non-prompt J/ψ production at mid-rapidity in PYTHIA8.230
with multiparton interactions switched off, split in different production mechanisms of the
beauty quark. Multiplicity evaluated in different kinematic regions. Left: multiplicity at mid-
rapidity, right: multiplicity at forward rapidity; top row: multiplicity in toward region in ϕ
w.r.t. J/ψ, middle row: multiplicity in transverse region, bottom row: multiplicity in away
region.
Based on the auto-correlation arguments, in principle non-prompt J/ψ production should be indepen-
dent of the multiplicity in the transverse region, and of the multiplicity in the toward region at different
rapidity. However, also in these cases a slight increase with multiplicity is observed. This fact can be
further investigated by splitting the non-prompt J/ψ yield depending on the production mechanism of
the initial b quark. As was mentioned, this can be a hard interaction, a gluon splitting – either of a gluon
produced in a hard interaction or in ISR or FSR – or it can come from the beam remnant.
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The multiplicity dependence for these different cases is shown in Fig. 7.18. As can be seen, if the
b quark was produced in a hard interaction, the multiplicity dependence is as expected from auto-
correlation effects alone, i.e. the dependence is only visible in the away region, and in the toward region
at the same rapidity as the signal. In these hard processes, the b quark and antiquark are produced
back-to-back so the influence of the recoil jet is very clean. As a function of the multiplicity in the toward
region at mid-rapidity, the increase flattens around four times the mean multiplicity, and afterwards the
yield does not increase anymore.
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Figure 7.19.:Multiplicity dependence of J/ψ production at mid-rapidity from NRQCD in PYTHIA8.230
with multiparton interactions switched off, in bins of transverse momentum, for J/ψ pro-
duced via a color singlet or color-octet pre-resonant state. Multiplicity evaluated in different
kinematic regions. Left : multiplicity at mid-rapidity, right: multiplicity at forward rapidity;
top row: multiplicity in toward region in ϕ w.r.t. J/ψ, middle row: multiplicity in transverse
region, bottom row: multiplicity in away region.
For b quark-antiquark pairs from gluon splitting where the gluon was produced in a hard process,
the multiplicity dependence is also spread out into the other regions, so the J/ψ yield also increases
as a function of the transverse multiplicity. This is not unexpected, since in this case the topology
of the produced partons is more complex. The b quark is produced together with a b antiquark in
the gluon splitting process with a small opening angle. The non-zero opening angle results in the slight
dependence on the multiplicity in the transverse region. Additionally, the gluon is produced back-to-back
with another parton in the hard scattering process, producing the recoil jet signature.
In the case of the splitting of a gluon from ISR or FSR, the increase with multiplicity is spread over
all regions. This is expected, since the ISR/FSR gluon can have a large opening angle to the partons
produced in the hard interaction which should produce the bulk of the multiplicity in the event.
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For non-prompt J/ψ from a b quark of the beam remnant finally, the multiplicity dependence is much
weaker and very similar to the one of J/ψ from NRQCD. The reason is the lower transverse momentum
of this contribution.
For J/ψ from NRQCD no strong auto-correlation effects are observed for the pT-integrated yield.
In Fig. 7.19, the multiplicity dependence is shown for J/ψ produced via a color singlet or color-octet
pre-resonant state, pT-integrated, and for very high pT, i.e. pT > 12 GeV/c. While pT-integrated J/ψ
production from NRQCD is weakly dependent on multiplicity in any region in both cases, for very high
pT strong effects can be observed. Both J/ψ produced via color-singlet and color-octet states increase
strongly as a function of the multiplicity in the away region, independent of the rapidity. This is in line
with the fact that the J/ψ is produced together with a gluon, which at high pT produced a recoil jet. For
J/ψ produced via a color-octet state, also a strong dependence on the multiplicity in the toward region
at mid-rapidity can be observed, which is not present for J/ψ from a color-singlet state. This is in line
with the fact that the color-octet charmonium state decays to J/ψ under emission of a gluon, which for
J/ψ at high pT has a high energy and will radiate more gluons and finally hadronize into a jet of particles
in the region around the J/ψ.
From these observations in events without MPI, one can assume that also for the full simulation, the
multiplicity dependence of J/ψ production can be influenced by the presented auto-correlation effects.
As was shown in Fig. 7.8 and Fig. 7.9, the stronger-than-linear increase of non-prompt J/ψ yields and
the pT dependence also persist when plotting as a function of the multiplicity in the forward region.
However, when plotting against the mid-rapidity multiplicity in the transverse region as done in
Fig. 7.20, the increase is significantly reduced; for non-prompt J/ψ and J/ψ from cluster collapse it
is merely slightly stronger than linear, for J/ψ from NRQCD it is event weaker than linear. The pT
dependence of the increase vanishes completely in this case.
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Figure 7.20.: Self-normalized mid-rapidity J/ψ yield as function of self-normalized transverse multiplicity
in full PYTHIA8 simulation in transverse-momentum bins (left) and split into the different
production mechanisms (right).
7.8 Summary
Summarizing the investigations done with the PYTHIA8 generator, it can be said that it qualitatively
reproduces the experimentally observed increase of J/ψ production as a function of the charged-particle
multiplicity. The stronger-than-linear increase is due to the following fact:
• From the MPI mechanism in PYTHIA, naturally a linear dependence between soft and hard particle
production follows.
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• A small fraction of the J/ψ are produced from charm quarks and antiquarks produced indepen-
dently, this contribution scales roughly quadratically with multiplicity.
• Due to associated soft particle production together with non-prompt J/ψ, the multiplicity distribu-
tion for events containing J/ψ is shifted towards higher values. This auto-correlation effect is the
reason for the stronger-than-linear increase.
• The effect is emphasized by color reconnection, which leads to a reduction of soft particle produc-
tion, while not affecting hard particles.
• These effects are still present if the multiplicity is measured at a different rapidity than the signal.
However, it can be removed effectively by measuring the multiplicity in the azimuthal region trans-
verse to the J/ψ. The increase with multiplicity is then more or less linear, and independent of
transverse momentum.
A measurement of J/ψ production as a function of multiplicity in the transverse region is thus highly
advisable in order to disentangle between auto-correlation effects, which should vanish in this case, and
true correlation effects between the hard probe and the underlying event as predicted by the models
presented in section 2.2. Further motivation for the use of this multiplicity estimator can be found
in [201] and [202].
For the current measurement as presented in this thesis, the correct interpretation of the stronger-than-
linear increase is complicated, since the auto-correlation effects are not subtracted and any additional
effects (such as saturation effects of soft particle production) come in addition to those. So, the baseline
expectation in the absence of those effects is not a linear increase with multiplicity.
It has to be noted that the findings presented for non-prompt J/ψ production are equally valid for
open heavy-flavor mesons in general, and the findings for prompt J/ψ can be applied to bottomonium
production.
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8 Summary and Outlook
In this thesis, the self-normalized yield of inclusive J/ψ production in |y| < 0.8 has been studied as
a function of the charged-particle multiplicity in |η| < 1 and in −3.7 < η < −1.7 ∪ 2.8 < η < 5.1.
The analysis has been performed for pT-integrated J/ψ, as well as for J/ψ with transverse momenta
pT < 4GeV/c and pT > 4 GeV/c.
At mid-rapidity, relative charged particle multiplicities of 9 were reached, extending the reach in multi-
plicity by a factor 2 compared to similar measurements at lower collision energies. A stronger than linear
increase of J/ψ production with multiplicity was observed both as a function of the multiplicity at mid
and at forward rapidity with no indication of a weakening of the effect with the inclusion of a rapidity
gap in the order of one between the J/ψ signal and the charged-particle multiplicity. A significantly
stronger increase with multiplicity of J/ψ at high pT compared to J/ψ at low pT and pT-integrated J/ψ
is seen in both cases.
The results are put into perspective with other experimental results on related quantities. Complemen-
tary results from an analysis of J/ψ at higher pT show a stronger increase with multiplicity, supporting
the trend observed in the presented analysis. No significant difference to the multiplicity dependence of
J/ψ production at lower collision energies is observed. Comparing to open-charm hadrons, a hint of a
slightly weaker increase with multiplicity is found.
It was found that the observed increase of J/ψ production as a function of multiplicity can be well
described with a powerlaw function, with a slope parameter increasing with pT, but independent of the
rapidity region of the multiplicity. Also a linear dependence at high multiplicities is compatible with the
experimental data.
Theoretical predictions from a percolation model, from a model based on the contributions of higher
Fock states in the incoming protons, from a model incorporating the color-glass-condensate (CGC)
theory, from the PYTHIA8 model, and from the EPOS3 model are in qualitative agreement with the
presented results. In case of the CGC-based and the EPOS3 model, a quantitatively good description of
the experimental data is achieved, the percolation model and the higher-Fock-states-model are in rough
agreement with the experimental data. The PYTHIA8 model significantly underestimates the increase of
J/ψ production with multiplicity.
From an extensive study of Monte Carlo simulations from the PYTHIA8 model, the stronger than lin-
ear increase can be ascribed to auto-correlation effects between the J/ψ signal and the charged-particle
multiplicity, largely caused by the non-prompt J/ψ contribution in jet-like collisions with open-beauty
production. The multiplicity in the azimuthal region transverse to the direction of the produced J/ψ
particle can serve as a much cleaner estimator for the underlying event activity. A measurements of the
production of J/ψ or other hard probes as a function of this new observable is proposed.
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8.1 Outlook
A promising extension of the presented analysis is the independent measurement of prompt and non-
prompt J/ψ production as a function of multiplicity, as was done for pp collisions at 7 TeV [123]. A
corresponding analysis was started in the ALICE collaboration during the writing of this thesis.
Transverse momentum broadening as a function of multiplicity is an observable that can help to test
theoretical model predictions, as e.g. the presented model by Kopeliovich predicts a linear broadening
with multiplicity, cf. section 2.2.2.
As was demonstrated from the study on PYTHIA8 Monte Carlo simulations, J/ψ production is cor-
related with the multiplicity in the different azimuthal regions relative to itself in different ways. A
study on azimuthal J/ψ-hadron correlations is very promising to address those questions. Correspond-
ing investigations were started in ALICE during the writing of this thesis both for pp collisions and p-Pb
collisions.
Another angle from which similar physics questions can be addressed is the investigation of event
properties for collisions in which hard probes — such as heavy flavor or quarkonium — were produced
in comparison to minimum bias collisions. Higher moments of the multiplicity distribution (dispersion,
etc.) can be of interest. It can also be advantageous to make use of event shape variables. Sphericity
and spherocity have been suggested as tools to enhance soft and hard events, and likewise events with
low or high number of multiparton interactions [203].
For the time after the current data taking period, which will end in 2018, a long shutdown (LS2) of
the LHC machine is planned until the year 2020. ALICE envisages a wide range of upgrades to its
detectors [204]. Among others these are the following:
• ITS upgrade: The current ITS system will be replaced by a new one. The material budget will be
reduced and the resolution of the distance of closest approach between a track and the primary
vertex will be improved by a factor of about 3. Also the standalone tracking capability at low
transverse momenta will be significantly improved.
• TPC upgrade: The current multi-wire readout chambers will be replaced with chambers employ-
ing the GEM (Gaseous Electron Multiplier) technology. GEM detectors feature an intrinsic ion
blocking, so the operation of a gating grid, as it is currently done, becomes unnecessary. The dead
time of the detector thus significantly decreases and an operation in a continuous readout mode be-
comes feasible, allowing for an event readout rate in pp collisions of 200 kHz, according to current
planning.
The increased resolution on track impact parameters will largely benefit the separation between
prompt and non-prompt J/ψ, and the reduced material budget will reduce background from photon
conversion, increasing the precision of J/ψ analyses in the dielectron decay channel in general.
With the high readout rate of the upgraded detector a large sample of collision data can be acquired,
allowing for high precision measurements, especially for probes that are hard to trigger on and thus
require the use of minimum bias triggered data.
A large sample of minimum bias events will benefit the analyses of charmonium production
mechanisms and the interplay between soft and hard physics. For the investigation of high–multiplicity
pp collisions, another high-multiplicity data taking campaign would be beneficial. The evolution between
the different collision systems — pp, p-Pb and Pb-Pb — could be addressed with the measurement of the
multiplicity dependence of the J/ψ yield or its ratio to the total charm production. A significant mea-
surement of the latter will become feasible after the ALICE upgrade with the improved low-momentum
capabilities of the new ITS.
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A Signal extraction in Nch,fwd. and pT bins
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Figure A.1.: Efficiency weighted invariant mass distribution (top) of electron-positron pairs, together with
background estimation; J/ψ signal after background subtraction (bottom). Lowest (left) and
highest (right) forward-rapidity charged-particle multiplicity interval used in the analysis.
The signal extraction in intervals of the forward rapidity charged-particle multiplicity is exemplified
by Fig. A.1 which shows the electron-positron invariant mass distribution and the extracted J/ψ signal
for the lowest and highest forward rapidity multiplicity interval.
The performance of the signal extraction in the forward rapidity multiplicity intervals, and in the
analysis in pT intervals is demonstrated in Figures A.2, A.3, A.4, A.5, A.6, A.7, A.8, A.9, A.10, and A.11,
that show the raw extracted J/ψ signal count, the signal-over-background ratio, the significance of the
extracted signal, and the χ2/nd f between the extracted signal and the expected line shape from the
Monte Carlo simulation as a function of the multiplicity intervals for the different cases.
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Figure A.2.: Performance of the signal extraction at low pT as a function of Nch,mid. Left: Raw (efficiency
corrected) signal count; Right: Signal-over-background ratio.
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Figure A.3.: Performance of the signal extraction at low pT as a function of Nch,mid. Left: Significance of
the extracted signal; Right: χ2/nd f between the extracted signal and the scaled line shape
from Monte Carlo simulations.
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Figure A.4.: Performance of the signal extraction at high pT as a function of Nch,mid. Left: Raw (efficiency
corrected) signal count; Right: Signal-over-background ratio.
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Figure A.5.: Performance of the signal extraction at high pT as a function of Nch,mid. Left: Significance of
the extracted signal; Right: χ2/nd f between the extracted signal and the scaled line shape
from Monte Carlo simulations.
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Figure A.6.: Performance of the pT-integrated signal extraction as a function of Nch,fwd.. Left: Raw (effi-
ciency corrected) signal count; Right: Signal-over-background ratio.
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Figure A.7.: Performance of the pT-integrated signal extraction as a function of Nch,fwd.. Left: Significance
of the extracted signal; Right: χ2/nd f between the extracted signal and the scaled line
shape from Monte Carlo simulations.
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Figure A.8.: Performance of the signal extraction at low pT as a function of Nch,fwd.. Left: Raw (efficiency
corrected) signal count; Right: Signal-over-background ratio.
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Figure A.9.: Performance of the signal extraction at low pT as a function of Nch,fwd.. Left: Significance of
the extracted signal; Right: χ2/nd f between the extracted signal and the scaled line shape
from Monte Carlo simulations.
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Figure A.10.: Performance of the signal extraction at high pT as a function of Nch,fwd.. Left: Raw (effi-
ciency corrected) signal count; Right: Signal-over-background ratio.
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Figure A.11.: Performance of the signal extraction at high pT as a function of Nch,fwd.. Left: Significance
of the extracted signal; Right: χ2/nd f between the extracted signal and the scaled line
shape from Monte Carlo simulations.
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B Systematic uncertainties of the results in
transverse momentum bins
B.1 Uncertainty on the charged-particle multiplicity
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Figure B.1.: Relative systematic uncertainty on the self-normalized multiplicity at mid-rapidity (top), and
at forward rapidity (bottom), as function of the multiplicity interval used in the analysis in pT
intervals. Uncertainty due to trigger efficiency, α factor, and total uncertainty as combination
of the two.
Fig. B.1 shows the relative systematic uncertainty of the charged-particle multiplicity for the wider
multiplicity intervals used in the analysis in pT intervals. The qualitative features are the same as for the
intervals of the pT integrated analysis: a flat uncertainty from the trigger efficiency, and an uncertainty
from the α factor that is increasing with multiplicity, and much larger in case of the forward multiplicity
than of the mid-rapidity multiplicity.
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Figure B.2.: Relative systematic uncertainty on the self-normalized J/ψ yield at pT < 4GeV/c as function
of the multiplicity interval at mid-rapidity (top) and at forward rapidity (bottom). Uncer-
tainty due to the track selection, the signal extraction, and the total systematic uncertainty
as combination of the two. Statistical uncertainty shown for comparison.
B.2 Uncertainty on the J/ψ yield
Fig. B.2 shows the relative systematic uncertainty of the normalized J/ψ yield for J/ψ with pT <
4GeV/c, and Fig. B.3 for pT > 4 GeV/c. The statistical uncertainty is shown for comparison. As in the pT
integrated analysis, the contributions to the uncertainty from the track selection and the signal extraction
are of similar size.
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Figure B.3.: Relative systematic uncertainty on the self-normalized J/ψ yield at pT > 4GeV/c as function
of the multiplicity interval at mid-rapidity (top) and at forward rapidity (bottom). Uncer-
tainty due to the track selection, the signal extraction, and the total systematic uncertainty
as combination of the two. Statistical uncertainty shown for comparison.
B.2. Uncertainty on the J/ψ yield 117

C Additional plots of the experimental results
Figures C.1, C.2 and C.3 show the self-normalized J/ψ yield nJ/ψ in the left and the double ratio
rJ/ψ in the right in pT intervals as a function of nch,mid, pT-integrated as a function of nch,fwd., and in pT
intervals as a function of nch,fwd., respectively.
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Figure C.1.: Inclusive J/ψ production at mid-rapidity in pT intervals as a function of self-normalized
charged-particle multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV. Left: Self-
normalized J/ψ yield, right: ratio of J/ψ yield and multiplicity.
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Figure C.2.: Inclusive J/ψ production at mid-rapidity as a function of self-normalized charged-particle
multiplicity at forward rapidity in pp collisions at
p
s = 13TeV. Left: Self-normalized J/ψ
yield, right: ratio of J/ψ yield and multiplicity.
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Figure C.3.: Inclusive J/ψ production at mid-rapidity in pT intervals as a function of self-normalized
charged-particle multiplicity at forward rapidity in pp collisions at
p
s = 13TeV. Left: Self-
normalized J/ψ yield, right: ratio of J/ψ yield and multiplicity.
C.1 Fit results
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Figure C.4.: Ratio of J/ψ yield and multiplicity in pT intervals as a function of self-normalized charged-
particle multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV, compared to fit assuming
a linear increase with an offset. Left: results of presented analysis, right: results of EMCal-
based analysis.
Figures C.4, C.5, C.6, C.7, C.8 and C.9 show the result of the fits of a linear function with offset, of a
polynomial function, and of a powerlaw function to rJ/ψ in pT intervals as a function of nch,mid, to the
results from the EMCal-based analysis [183], to rJ/ψ as a function of the nch,fwd., pT-integrated, and in
pT intervals, respectively.
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Figure C.5.: Ratio of J/ψ yield and multiplicity as a function of self-normalized charged-particle
multiplicity at forward rapidity in pp collisions at
p
s = 13TeV, compared to fit assuming
a linear increase with an offset. Left: pT-integrated results, right: result in pT intervals.
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Figure C.6.: Ratio of J/ψ yield and multiplicity in pT intervals as a function of self-normalized charged-
particle multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV, compared to fit assuming
a combination of a linear and quadratic increase. Left: results of presented analysis, right:
results of EMCal-based analysis.
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Figure C.7.: Ratio of J/ψ yield and multiplicity as a function of self-normalized charged-particle
multiplicity at forward rapidity in pp collisions at
p
s = 13TeV, compared to fit assuming
a combination of a linear and quadratic increase. Left: pT-integrated results, right: result in
pT intervals.
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Figure C.8.: Ratio of J/ψ yield and multiplicity in pT intervals as a function of self-normalized charged-
particle multiplicity at mid-rapidity in pp collisions at
p
s = 13TeV, compared to fit assuming
a powerlaw function for the increase. Left: results of presented analysis, right: results of
EMCal-based analysis.
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Figure C.9.: Ratio of J/ψ yield and multiplicity as a function of self-normalized charged-particle
multiplicity at forward rapidity in pp collisions at
p
s = 13TeV, compared to fit assuming
a powerlaw function for the increase. Left: pT-integrated results, right: results in pT intervals.
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